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PROCEEDINGS  OF  THE 

WORKSHOP  OK  MILLIMETER  AND  SUBMILLIMETER  ATMOSPHERIC. 
PROPAGATION  APPLICABLE  TO  RADAR  AND  MISSILE  SYSTEMS 
20-22  MARCH  1979 


INTRODUCTION 

The  workshop  on  millimeter  and  submilli¬ 
meter  wave  propagation  which  was  held  on  20-22 
March  1979  at  Redstone  Arsenal  (Alabama)  served 
two  purposes: 

(1)  To  provide  a  survey  of  the  present 
state-of-the-art  in  a  special  field  which  re¬ 
cently  has  received  increased  attention  by 
MI COM*,  the  Army,  and  DoD. 

(2)  To  furnish  a  forum  where  scientists 
who  work  in  diversified  fields  with  applications 
to  the  special  topic  could  cone  together  and  ex¬ 
change  informAion  on  the  latest  results,  dis¬ 
cuss  controversial  issues  or  unresolved  problems, 
and  stimulate  a  better  cooperation  between  re¬ 
searchers  in  this  special  but  narrow  field  of 
work. 

Thus,  these  proceedings  comprise  a  mixture 
between  old  and  new  results.  The  survey  papers 
on  the  state-of-the-art  were  largely  presented 
by  invited  speakers.  Other  contributions  dealt 
with  the  most  recent  results  which  may  not  have 
found  their  final  interpretation  at  the  time  of 
the  meeting.  The  editors  feel,  however,  chat 
they  should  be  included  as  an  exchange  of  sci¬ 
entific  knowledge  about  ongoing  research  or  ex¬ 
periments  to  stimulate  furthei  progress  and  re¬ 
duce  duplications  in  the  field  of  research. 

Some  of  the  particular  topics  where  solutions 
are  urgently  needed  were  discussed  by  MIRADCOM* 
per  .onnel. 

Users  see  some  benefits  and  advantages  in 
systems  which  operate  at  millimeter  and  sufcmi lli- 
meter  wavelengths.  For  example,  these  wave¬ 
lengths  provide  better  resolution  than  longer 
wavelengths  and  are  less  sensitive  to  low  visi¬ 
bility  conditions  than  shorter  wavelengths. 


Effective  1  July  1979  the  US  Army  Missile.  Re¬ 
search  &  Development  Command  (MIRADCOM)  com¬ 
bined  with  the  US  Army  Missile  Materiel  Readi¬ 
ness  Command  (MIRCOM;  to  form  the  US  Army 
Missile  Command  (MICOM) . 


Ideal  data  would  consist  of  careful  systematic 
measurements  at  many  near-millimeter  wavelengths 
over  a  period  of  several  years  at  numerous  geo¬ 
graphic  locations.  However,  ideal  data  on  prop¬ 
agation  and  associated  atmospheric  conditions 
are  seldom  available.  But  research  has  pro¬ 
gressed  in  recent  years  as  the  workshop  has 
proved. 

In  the  first  session  personnel  from  the 
Advanced  Sensors  Directorate,  Technology  Labor¬ 
atory,  discuss  MIRADCOM*  needs.  They  specify 
the  operating  regions  of  interest  for  tactical 
applications  and  explain  the  rationale  for  the 
selection  of  these  regions.  The  Terminal  Homing 
Measurements  Program  is  described.  Propagation 
measurement  and  modeling  needs  in  the  areas  of 
battlefield  characterization,  atmospheric  trans¬ 
mission,  turbulence,  aerosol  backscatter,  and  a- 
nonalous  effects  are  presented. 

Sessions  2  through  6  deal  with  the  present 
state  of  knowledge  of  millimeter  and  submilli¬ 
meter  propagation.  Absorption  by  molecular 
water  vapor  causes  severe  attenuation  at  near¬ 
millimeter  wavelengths.  Wavelengths  must  be  se¬ 
lected  to  operate  in  the  window  regions  between 
strong  absorption  bands,  and  classical  theories 
do  not  adequately  describe  the  measured  absorp¬ 
tion  in  window’  regions.  Alternate  methods  of 
explaining  the  discrepancies  are  to  introduce 
reasonable  modifications  to  existing  modejs  of 
line  shapes  or  to  consider  the  effect  of  water 
vapor  dimers.  Absorption  and  scattering  by  hy¬ 
drometeors  such  as  fog  and  rain  are  considered 
from  both  theoretical  and  experimental  points  of 
view.  Other  particles  such  as  dust  and  smoke 
are  discussed.  Additional  papers  are  concerned 
with  topics  such  as  terrain  effects,  natural, 
atmospheric  emissions,  refractivity  gradients, 
and  a  point  of  view  from  a  system  engineer. 


Session  7  includes  information  about 
modeling  and  turbulence.  Papers  in  this  ses¬ 
sion  contain  models  of  clear  air  scintillation 
as  well  as  adverse  weather  conditions. 

Sessions  8  and  9  are  concerned  with  in¬ 
strumentation.  One  paper  describes  the  rela¬ 
tively  new  method  of  pulse  generation  by  swept- 
gain  superradiance.  The  remaining  papers  pro¬ 
vide  information  about  research  in  atmospheric 
propagation.  Both  active  and  passive  systems 
of  measuring  propagation  characteristics  are 
described.  Attention  is  also  given  to  instru¬ 
mentation  for  characterizing  the  state  of  the 
atmosphere. 

This  collection  of  papers  shews  that  the 
workshop  accomplished  the  goals.  Information 
among  specialists  in  diverse  fields  was  ex¬ 
changed.  The-  discussion  included  ongoing  pro¬ 
grams.  It  is  expected  that  future  cooperation 
fostered  by  the  meeting  will  reduce  duplication 
of  effort  and  increase  the  effectiveness  of  fu¬ 
ture  research.  Thus,  these  proceedings  should 
be  useful  to  scientists  in  the  fields  of  atmos¬ 
pheric  science,  physics,  engineering  and  chem¬ 
istry. 


The  publication  time  for  these  proceedings 
could  have  been  considerably  reduced  if  all  au¬ 
thors  had  complied  with  the  editors'  requested 
time  schedule  and  tha  guidelines  for  manuscripts 
which  were  issued. 

The  editors  wish  to  thank  the  authors  who 
put  considerable  effort  into  the  preparation  of 
their  manuscripts.  Mrs.  Clara  B.  Brooks  deserves 
special  thanks  for  her  diligence  in  the  inevi¬ 
table  correcting  and  the  necessary  retyping  of 
the  manuscripts. 

December  1979. 

Cr.  Oskar  M.  Essenwanger 
Dr.  Dorathy  A.  Stewart 
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Ml  COM  SEEDS  IS  MILLIMETER  PROPACATIOS  RESEARCH: 
INTRODUCTION  TO  SESSION  1 

Mr.  William  C.  Pittman 
US  Army  Missile  Command 
Redstone  Arsenal,  Alabama 


The  subject  of  this  session  deserves 
some  explanation.  The  tern  M1COM  Seeds  has 
reference  to  the  Millimeter  Propagation  Seeds 
to  allow  the  orderly  evolutionary  development 
of  Army  weapon  systems  using  millimeter  guid¬ 
ance  sensors.  The  session  is  therefore  framed 
from  the  exploratory  development  perspective. 
There  are  ot  cojrse  other  sessions  of  the  work¬ 
shop.  Achieving  Army  objectives  in  this  area 
will  not  only  require  strong  emphasis  on  the 
immediate  needs  for  exploratory  development, 
but  a  balanced  allocation  of  resources  for  fun¬ 
damental  research  as  well,  with  special  atten¬ 
tion  to  the  need  to  develop  improved  meteoro¬ 
logical  and  millimeter  instrumentation,  and 
suitable  calibration  standards  for  this  instru¬ 
mentation.  We  therefore  must  not  forget  that 
we  owe  a  note  of  thanks  to  those  far-sighted 
individuals  in  the  universities,  private  sector 
institutions,  and  Covernment  who  have  maintained 
the  research  base  in  millimeter  and  submill i- 
meter  technology,  often  in  the  face  of  severe 
funding  constraints,  to  reach  the  level  of  tech¬ 
nological  maturity  we  have  achieved  today. 

Mr.  Hodgens,  the  tirst  speaker,  will  pre¬ 
sent  the  rationale  for  operations  at  millimeter 
wavelengths,  propagatio-  characterization  needs, 
and  three  missile  guidmee  concepts,  one  of 
which  will  be  described  in  a  film.  Mr.  Green 
will  then  continue  with  the  presentation  of  con¬ 


cepts  for  air  defense  suppression,  short  range 
air  defense,  and  indirect  fire.  Mr.  Hodgens 
will  then  close  the  first  part  of  the  session 
with  a  summary  of  the  propagation  needs  related 
to  these  concepts.  Mr.  Haraway  will  then  take 
these  needs  for  his  point  of  departure  to  pre¬ 
sent  the  planr ,  problems  and  gaps  in  millimeter 
propagation  as  part  of  the  Terminal  Homing 
Measurements  program.  Mr.  Anderson  will  sum¬ 
marize  the  work  in  optical  propagation  being 
done  in  his  group,  and  outline  the  opportunities 
for  extending  the  modeling  of  propagation  from 
the  optical  to  the  millimeter  and  submillimeter 
region. 

Mr.  Robert  Haraway,  who  manages  MICOM's 
Terminal  Honing  Measurements  program,  has  been 
a  member  of  the  Joint  Technical  Coordinating 
Group  Subcommittee  on  Signatures  and  Backgrounds, 
and  is  currently  a  member  of  the  Steering  Com¬ 
mittee  on  the  '.obile  Millimeter  Wave  Measure¬ 
ments  Facilit;  .  Mr.  Hammond  Green’s  technical 
area  is  Millimeter  Terminal  Honing  Seekers  and 
he  is  a  member  of  the  ARPA  Millimeter  Guidance 
Steering  Committee.  Mr.  Tony  Hodgens  is  engaged 
in  in-house  independent  research  or.  beam  encoding 
techniques  for  millimeter  beanrider,  and  has  been 
active  in  establishing  the  technical  foundation 
of  our  Millimeter  Guidance  Program.  Mr.  Huey 
Anderson  is  che  technical  group  leader  for  the 
Optical  Projagation  work  at  MT COM . 
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MILLIMETER  PROPAGATION'  NEEDS  FOR  NEXT 
GENERATION  GUIDANCE  CONCEPTS 


i  ny  Hodgens 
Augustus  H.  Green 
RF  Guidance  Technology 
Advanced  Sensors  Directorate 
Technology  Laboratory 
US  Arnv  Missile  Command 


A3STRACT 


Rationale  for  operation  at  millimeter  wave¬ 
lengths  is  presented  and  the  operating  legions  of 
interest  for  tactical  applications  are  specified. 
Battlefield  characterization  requirements  are  dis¬ 
cussed  and  reiated  to  the  guidance  concept  devel¬ 
opment  cycle.  Based  upon  present  understanding 
ot  projected  battlefield  conditions,  a  baseline 
adverse  environment  has  been  established.  These 
conditions  are  presented  and  related  to  the  need 
for  an  upgraded  battlefield  characterization. 
Propagation  data  and  modeling  requirements  are 
presented  with  current  data  base  problems  out¬ 
lined.  The  need  for  a  propagation  data  handbook 
is  delineated. 

1 .  INTRODUCTION 

Successful  armor  deployment  has  historically 
occurred  very  frequently  during  periods  of  adverse 
weather  (fog,  rain.  snow.  etc.).  This  fact, 
coupled  with  the  everpresent  battlefield  contami¬ 
nants  (smoke  and  dust  from  artillery  rounds  and 
vehicles)  as  well  as  the  increased  propensity  of 
the  enemy  to  use  tactical  aerosols,  has  led  to 
an  increased  emphasis,  DoD  wide,  for  weapons 
systems  which  will  operate  in  these  environments. 

Mil  1 1 meter  wavelength  sensors  offer  the  po¬ 
tential  of  impr,  ve;i  adverse  environment  uene- 
t ration  while  providing  the  relativeiv  narrow 
beamvidths  necessary  for  resolution  and  suppres¬ 
sion  of  multipath  and  clutter  effects.  The  rapid 
development  of  the  state-of-the-art  in  millimeter 
wave  technology  is  also  expected  to  support  the 
development  of  weapons  systems  operating  a* 
these  wavelengths. 

This  paper  is  limited  to  atmospheric  propa¬ 
gation  data  needs  for  support  of  development  of 
millimeter  wave  missile  guidance  concepts.  It 
is  recognized  that  propagation  factors  represent 
only  one  facet  of  weapons  system  development. 

Other  effects  related  to  the  battlefield 
scenario  such  as  multipath,  clutter,  etc.,  are 
not  addressed. 

2.  RATIONALE  FOR  OPERATION  AT  MILLIMETER  WAVE¬ 
LENGTHS 

The  attenuation  due  to  atmospheric  gases, 
for  standard  conditions,  over  the  spectral  range 
1,.  to  10  cm  wavelength  is  shown  in  Figure  1 
(Lukes,  1968).  From  this  figure  if Isfevident 


WAVtlESGTH  I  JO 

Figure  1.  ATTENUATION  DUE  TO  ATMOSPHERIC  GASES 
(Lukes,  1968) 


that  even  for  clear  air  operation,  reasonable 
values  of  attenuation  are  attained  only  at  wave¬ 
lengths  greater  than  1  ta  or  less  than  25y.  Fig¬ 
ure  2  illustrates  the  incremental  attenuation  due 
to  some  naturally  occurring  aerosols  over  the 
same  spectral  range.  The  rain  and  cloud  models 
were  derived  from  Deirmendjian  (1975).  The  fog 
model  was  derived  from  Chu  and  Hogg  (1968). 
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Figure  2.  INCREMENTAL  ATTENUATION  DUE  TO 
NATURALLY  OCCURRING  AEROSOLS 
(Deirmendjian,  1975  5  Chu  and  Hogg,  3968) 
The  R(2.3)  and  R(!0>  models  represent  2 . 5“/hr 
and  lOmm/hr  rain  rates,  respectively.  The  C-5 
cloud  model  represents  a  heavy  stratus  cloud, 
tne  C-l  cloud  model  represents  a  fair  weather 
cumulus  cloud,  and  the  C-6  cloud  model  represents 
the  large  droplet  component  of  a  nimbosiratus 
cloud-  The  fog  model  approximates  a  100  meter 


visibility  ra,*.int,on  fog.  For  these  conditions, 
successful  operation  is  limited  to  wavelengths 
greater  than  1  mm. 

From  a  propagation  standpoint  alone,  it 
would  appear  that  operation  at  wavelengths 
greater  than  1  cm  would  be  most  desirable;  how¬ 
ever,  other  factors  must  be  considered.  Figure 
3  depicts  the  general  trends  for  atmospheric 
transmission  ir.  adverse  weather  as  well  as  that 
for  angular  res  'lotion. 
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Figure  3.  TRENDS  -  ANGULAR  REs  -LIT  I  ON 
TRANSMISSION  TRADEOFF  FOR 
ADVERSE  WEATHER. 


Relatively*  small  beaawiaths  are  required  for 
resolution  and  the  suppression  of  mult ipatb  and 
clutter  effects.  Frea  a  weapons  system  stand- 
poirt,  aperture  size  is  also  very  important. 

The  millimeter  region  appears  to  be  the  optimum 
trade  between  adverse  weather  transmission  and 
angular  resolution.  Tables  i  and  1  (Georgia 
Institute  of  Technology,  1978)  list  additional 
comparisons  of  the  millimeter  wavelengths  versus 
the  optical,  IS,  and  microwave  wavelengths. 

TABLE  i.  MILLIMETER  VS  OPTICAL  L  IR 

for  missile  guidance 

(Georgia  Institute  of 

Technology,  1978) 
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Based  or.  the  apparent  advantages  si  III- 
seter  wave  operation  as  veil  as  the  rapidly  ad¬ 
vancing  state-of-the-art  in  the  techno !og\  area, 
four  atmospheric  windows  In  the  millimeter  region 
have  been  designated  by  MlEAO«C(t!  as  guidance 
thrust  ar^as.  These  regions,  as  shown  in  Figure 
4 .  are  the  35?.  9a,  140,  and  220  CHr  windows. 

3-  RATTLE FI EU>  CHARACTERIZATION 

Figure  5  depicts  a  tvpical  guidance  concept 
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effects  on  system  performance.  From  these 
efforts  additional  propagation  dat3  requirements 
are  identified. 


TABLE  2.  MILLIMETER. 

GUIDANCE 


VS  MICROWAVE  FOR  MISSILE 

(Georgia  Institute  of 
Technology,  1978) 
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Figure  4.  GUIDANCE  THRUST  AREAS . 
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Figure  S.  GUIDANCE  CONCEPT  DEVELOPMENT  CYCLE - 

As  data  are  collected,  the  propagation 
data  base  is  updated  ana  the  cycle  of  performance 
estimates  is  continued-  This  cycle  proceeds 
until  validation  of  the  guidance  concept.  Note 
that  the  two  items  of  primary  Importance  are 
the  battlefield  characterisation  and  the  pro¬ 
pagation  data  base.  Both  i terns  are  in  states 
of  continual  refinement.  The  battlefield 
character! rat  ion  vill  varv  with  projected 
battlefield  locale,  weather  conditions,  and 
changes  in  enemy  tactics.  The  battlefield 
should  be  characterized  as  to  the  probability 
ot  occurrence  of  a  given  condition  (or  condi¬ 
tions)  to  include  hours  and  duration  of  occur¬ 
rence.  The  conditions  generally  fall  into 
thre**  areas:  natural  environments,  induced 
environments,  sad  tactical 


aerosols.  Natural  environments  include  parameters 
such  as  rain,  fog,  snow,  humidity,  etc.  The 
induced  environments  are  those  which  are  common 
to  all  battlefields.  These  mnv  include  debris 
frcm  artillery  rounds,  dust  dispersed  into  the 
atmosphere  from  tracked  vehicles,  and  smoke 
from  brush  fires.  Tactical  aerosols  include 
smoke  and  chaff  intentionally  injected  into  the 
atmosphere  by  the  enemy  in  an  attempt  to  defeat 
a  sensor  system. 

While  ail  of  the  required  data  are  not  read¬ 
ily  available,  and  also  are  in  a  state  of  conti¬ 
nual  change,  it  was  nevertheless  necessary  to 
establish  a  set  of  conditions  as  a  starting 
point  for  estimates  of  system  performance. 

These  conditions  are  stated  in  Table  3  and  are 
representative  of  typical  central  Germany  en¬ 
vironments.  The  clear  air  characteristics  are 
based  on  the  definition  of  a  standard  atmos¬ 
phere. 

TABLE  3.  BASELINE  ENVIRONMENTAL  CONDITIONS 


CONDITION 

CHARACTERISTICS 

CLEAR  AIR 

TEMPERATURE  15°  C 

WATER  VAPOR  6  g/m3 

SEA  LEVEL 

FOG 

RADIATION 

VISIBILITY  100m 

LIOUID  WATER  0.1  g/m3 

WATER  VAPOR  9  g/m3 

SEA  LEVEL 

RAIN 

RATE  4  mm/hr 

TEMPERATURE  14<>C 

WATER  VAPOR  13  g/m3 

SEA  LEVEL 

SMOKE 

WHITE  PHOSPHORUS 
CONCENTRATION  0.1  g/m3 
DIAMETER  1.1  MICRON 

DUST 

CONCENTRATION  2  X  10-4  g/m3 
DIAMETER  6-60  MICRON 

The  fog  conditions  rep  esent  thick,  low  visibi¬ 
lity  fogs  of  the  radiation  type.  This  defini¬ 
tion  encompasses  over  eighty  percent  of  morning 
fogs  on  an  annual  basis.  The  rain  conditions 
were  chosen  to  include  the  80th  percentile  sea¬ 
sonal  rain  and  the  90th  percentile  annual  rain. 
It  should  be  noted  that  the  maximum  seasonal 
rain  occurs  in  July  when  approximately  30  per¬ 
cent  of  the  days  with  rala  are  thunderstorm 
days.  The  smoke  and  dust  conditions  were  based 
upon  previous  system  studies. 

MILLIMETER  GUIDANCE  CONCEPTS 

An  outline  of  some  of  the  potential  appli¬ 
cations  of  millimeter  wavelengths  to  missile 
systems  operating'  In  adverse  environments  is 
presented.  A  brief  description  of  each  system 
concept  Is  given  below  In  order  to  illustrate 
the  different  types  of  propagation  paths  .and 
problems  that  might  be  encountered. 


■i .  1  Direct  Fire  Anti-Tank 

Figure  6  illustrates  the  operation  of  a  . 
beamrider  missile  system.  Target  tracking  is 
established  with  a  precision  tracking/ guidance 
beam  once  the  radar  lias  been  cued  by  an  adjunct 
acquisition  device.  The  missile  is  launched  and 
immediately  acquit cd  by  a  broad  concentric  cap¬ 
ture  beam.  An  onbo  lrd  rearward  looking  receiver 
intercepts  and  decodes  the  spatially  coded  beam 
and  processing  electronics  interprets  the  missile 
position  within  the  beam  to  generate  guidance 
commands.  The  missile  is  guided  toward  the  radar 
1  ine-of-s ig'it  until  it  acquires  the  precision 
tracking/guidance  beam.  The  missile  decodes  the 
precision  guidance  beam  in  the  same  fashion  and 
flvs  the  1 ine-of-sight  of  the  precision  beam  to 
the  target.  The  pointing  beam  is  used  to  both 
track  the  target  as  weil  as  provide  guidance 
information  to  the  missile. 


Figure  6.  BEAMRIDER  GUIDANCE. 

Figure  7  depicts  a  form  of  command  guidance 
referred  to  as  differential  guidance.  Here  the 
radar  tracks  both  the  target  and  the  missile 
and  determines  their  angular  displacements  from 
the  radar  boresight.  The  radar  measures  0j  and 
09  (reference  Figure  7)  and  based  on  their  vector 
difference  determines  0j,  the  required  correction 
for  the  missile  to  fly  the  target  lina-of-sight. 
Note  that  this  concept,  as  opposed  to  the  beam¬ 
rider,  does  not  require  that  the  radar  boresight 
remain  on  the  target. 


Figure  7.  DIFFERENTIAL  GUIDANCE  -  CLOS. 


Both  the  beamrider  and  the  differential  gui¬ 
dance  concepts  have  similar  propagation  paths, 
i.e.,  near  earth,  relatively  hori:ouial  paths. 

t.2  Indirect  Fire 


Figure  8  is  illustrative  of  attaching  ar¬ 
mored  vehicles  from  essentially  a  vertical 
approach  and,  because  the  target  may  be  beyond 
1  ine-of-sight ,  the  missile  must  operate  autono¬ 
mously.  This  system  concept  is  called  indirect 
fire.  A  missile  or  missiles  can  be  delivered 
to  some  point  in  space  at  which  target  search 
begins  following  required  maneuvers  to  staba- 
lize  the  missile  and  to  attain  the  necessary 
velocity  for  the  missile  to  perform  > ts  func¬ 
tions.  A  radar  beam  is  transmitted  to  search 
a  specified  ground  area  for  the  desired  target. 
Upon  detection  and  acquisition,  a  stable  line- 
of-sight  is  generated  to  provide  the  necessary 
information  to  maintain  track  and  guide  the 
missile  to  impact.  In  the  terminal  phase  a 
radiometric  mode  may  be  used  to  achieve  a  cen¬ 
troid  aimpoint.  Since  the  missile  must  perform 
during  conditions  of  smoke,  medium  to  heavy  fog, 
rain  and  haze,  propagation  phenomena  must  be 
well  understood  for  the  near  vertical  traject¬ 
ories  which  are  not  normally  encounted  for  most 
system  applications. 


DECELERATION  MECHANISM 


Figure  8.  INDIRECT  FIRE  SYSTEM  CONCEPT. 


4 . 3  Dual  Mode  RF/RF  Air  Defense  Suppression. 

Figure  9  depicts  an  operational  concept  for 
a  dual  mode  RF/RF  Air  Defense  Suppression  missile. 
In  this  concept  an  attack  helicopter  detects 
radiation  from  an  air  defense  system  which  is  a 
potential  threat.  Information  is  generated 
which  locates  the  threat  and  cues  a  missile  to 
the  proper  coordinates.  The  missile  detects  the 
radiation  from  the  threat  and  after  lock  is 
established,  is  launched  toward  the  target. 

Since  most  air  defense  systems  operate  within  the 
microwave  region,  the  missile  performs  its 
search,  detect,  acquire  and  initial  tracking 
functions  using  the  target's  radiated  energy. 

The  missile  will  transfer  to  tracking  operation 
within  the  millimeter  region  when  accurate  termi¬ 
nal  tracking  is  required  or  when  the  threat 
"turns  off"  its  radiation.  It  is  conceivable 
that  a  passive  radiometric  mode  could  be  used 
to  achieve  a  centroid  aimpoint.  This  particular 
system  concept  would  ut’lize  propagation 
paths  similar  to  that  for  direct  fire  guidance. 

4.4  Missile  Fire  Control 


Figure  10  is  a  conceptual  drawing  for 


implementation  of  a  fire  control  system 
operating  within  the  millimeter  spectrum. 


Figure  9.  DUAL  MODE  RF/RF  AIR  DEFENSE 
SUPPRESSION. 
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Figure  10.  FIRE  CONTROL  SYSTEM. 


For  the  type  of  systems  shown,  the  effective¬ 
ness  will  be  limited  to  ranges  of  less  than  ten 
kilometers  because  of  atmospheric  attenuation 
effects  upon  millimeter  wavelengths.  However, 
the  advantage  of  this  spectrum  is  the  resolu¬ 
tion  gained  by  the  shorter  wavelengths  and  the 
penetrability  through  adverse  environments  when 
compered  with  optical  systems.  The  fire  con¬ 
trol  system  may  be  either  airborne  or  ground 
based.  In  the  airborne  case,  the  fire  control 
system  may  be  totally  self  contained  within  the 
weapon  system  wherein  the  system  provides  not 
only  target  position  coordinates  but  also  iden¬ 
tifies  the  target  or  targets  to  be  attacked. 
Similarly  for  the  ground  based  case,  the  fire 
control  radar  assumes  total  control  over  sepa¬ 
rate  launches  which  receive  firing  commands 
from  the  fire  control  radar.  As  a  third  option, 
an  airborne  and  ground  based  system  would  be 
integiated  to  provide  me-e  flexibility  for  con¬ 
trol  of  the  battlefield. 

4 . 5  Short  Range  Air  Defense 

Figure  ' 1  illustrates  a  short  range  air 
defense  system  using  millimeter  wavelengths 
for  the  target  acquisition/tracking  radar. 

During  periods  of  adverse  environments  on  the 
tactical  battlefield,  these  wavelengths  can 
penetrate  through  obscurants  when  optical 
systems  cannot  provide  the  required  performance. 
The  radar  searches,  detects,  acquires  and  tracks 
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these  targets  which  are  ,of  a  threat  to  the  de¬ 
fense  forces.  Tl'.e  fire  control  svstem,  which 
may  be  an  integral  part  of  tiie  radar,  deter¬ 
mines  which  targets  are  most  threatening  and 
commands  missiles  to  be  launched  against  speci¬ 
fied  targets.  The  propagation  paths  will 
usually  be  over  short  ranges  (less  than  10  kilo¬ 
meters)  and  fo-  depression  angles  generally 
less  than  4 5  degrees. 


A  recent  study  (Collins,  1978)  performed  for 
MIRADCOM  was  inconclusive  as  to  the  severity  of  tur¬ 
bulence  effects  on  a  millimeter  beamrider  system; 
also  the  combined  effects  of  turbulence  and  water 
vapor  inhomogenei  ties  are  not  presently  understood. 


Many  experimental  observat ions  (Liebe,  1978) 
have  confirmed  the  existence  of  anomalous  absorption 
effects.  This  term  is  generally  used  to  describe 
absorptnn  effects  that  currently  cannot  be 
explained  with  the  existing  oxvgen  and  water 
vapor  absorption  theory.  This  phenomenon  has  been 
frequently  observed  under  various  conditions, 
particularly  at  high  humidities  and  low  tempera¬ 
tures.  Currently  no  unified  treatment  of  the 
problem  exists  that  has  a  physical  basis. 


•men  unicorns 


Figure  11.  SHORT  RANG!'.  AIR  DEFENSE. 

5.  PROPAGATION  DATA  MEEDS  -  MILLIMETER  GUIDANCE 
SYSTEMS. 

All  of  the  system  concepts  discussed  in  tiie 
previous  section  genet  ally  have  the  same  require¬ 
ments  as  to  atmospheric  propagation  data 
needs.  The  major  differences  in  the  data 
requirements  lie  in  »he  propagation  paths  for 
the  various  systems.  No  attempt  is  made  herein 
to  emphasize  one  sot  of  requirements  as  thev  will 
be  system  peculiar. 

Table  4  outlines  the  perceived  propagation 
needs  from  the  system  developer's  standpoint. 

For  convenience,  the  requirements  have  been 
grouped  into  five  areas:  aerosol  backsentter, 
atmospheric  and  aerosol  attenuation,  anomalous 
absorption  phenomena,  turbulence  effects,  and 
atmospheric  transmission/scattering  models. 

For  each  category,  the  desired  effort  is  listed 
along  with  a  summary  of  current  data  base  pro¬ 
blems. 

The  data  base  deficiencies  outlined 
for  each  category  have  several  common  elements. 
Experimental  data  are  limited  or  nonexistent  in 
all  mens;  this  is  particularly  true  at  the 
higher  frequencies  of  interest.  There  is  a 
distinct  lack  of  data  in  Central  European  type 
environments.  For  manv  of  the  reported  measure¬ 
ments,  insufficient  recording  of  meteorological 
parameters  is  a  vital  factor  which  may  explain 
some  of  the  data  variability.  Aerosol  particle 
size  distribution  measurements  are  also  lacking; 
these  data  are  necessary  as  precipitation  rates 
alone  do  not  provide  adequate  data  correlation. 
Few  measurements  have  been  performed  to  examine 
the  effects  of  various  depression  angles  on 
millimeter  wave  propagation. 

Specific  data  needs  lie  in  the  area  of  tur¬ 
bulence,  anomalous  absorption,  temperature/ 
humidity  effects,  and  modeling. 


No  set  of  measurements  of  absorption  due  to 
water  vapor  as  a  function  of  temperature  and  com¬ 
position  sufficient  to  constitute  a  reliable 
guide  for  extrapolation  of  the  values  to  signi¬ 
ficantly  different  conditions  exists.  This  is 
especially  true  near  saturation.  The-  relative 
humidity  is  greater  tiiati  during  heavy  fog 
(Middleton,  1963)  and  is  typically  80Z  or  higher 
during  rain. 

Modeling  efforts  to  date  appear  to  be  veiy 
specialized,  applying  only  to  specific  conditions. 
Model  validations  cannot  occur  until  the  experi¬ 
mental  data  base  has  been  expanded. 


Currently,  when  the  svsiem  developer  requires 
particular  propagation  information,  a  thorough 
literature  search  must  he  performed  which 
requires  the  expenditure  of  considerable  time. 

A  suggestion  is  therefore  made  for  the  preparation 
of  a  millimeter  propagation  handbook.  The  objec¬ 
tive  of  this  handbook  would  be  to  compile  existing 
propagation  data  in  a  manner  easily  accessible 
by  personnel  involved  in  systems  analysis,  design 
and  use.  The  approach  would  entail  the  esta¬ 
blishment  of  an  indexing  system  for  general  sub¬ 
jects,  each  followed  by  specific  categories  of 
effects.  The  handbook  should  be  updated  on  an 
annual  basis.  Figure  12  illustrates  a  table  of 
contents  and  a  typical  page  from  such  a  handbook. 
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Figure  12.  MILLIMETER  PROPAGATION  HANDBOOK 
EXAMPLE. 


TABLE  4.  PROPAGATION  DATA  NEEDS  -  MILLIMETER 


ITEM 


DESIREO  EFFORT 


•  AEROSOL  BACKSCATTER  •  PROVICE  ACCURATE  DATA 

BASE  TO  DETERMINE 
ENERGY  RETURN  THAT 
MAY  CAUSE  TARGET 
MASKING 

•  ANALYSIS  NEEDED  AS  A 
FUNCTION  OF  PARTICLE 
SIZE  DISTRIBUTION, 
PRECIPITATION  RATE 
POLARIZATION, 
DEPRESSION  ANGLE  AND 
METEOROLOGICAL 
CONDITIONS 


•  ATTENUATION  •  DEVELOP  ATMOSPHERIC  TRANSMISSION 

OATA  BASE 

•  MEASUREMENTS  IN  CLEAR  AIR  UNDER 
VARIOUS  TEMPERATURE  HUMIDITY 
CONDITIONS  PROVIOE  ANALYSIS  OF 
TEMPER ATURE/MUMIOITY  EFFECTS 

•  MEASUREMENTS  IN  RAIN  FUG.  SNOW, 
SMOKE  AND  DUST  WITH  PARTICLE 
SIZE  DISTRIBUTIONS  CHARACTERIZED 

•  SUPPORTING  METEOROLOGICAL  OATA 
WITH  MEASUREMENTS 

•  MEASUREMENTS  AT  VARIOUS 
DEPRESSION  ANGLES 


•  TURBULENCE  EFFECTS  •  DETERMINE  EFI  ECTS  OF 

TURBULENCE  AS  A 
FUNCTION  OF  FREOUENCY 

•  PROVIDE  OATA  AS  A 
FUNCTION  OF  ATMOSPHERIC 
CONDITIONS 

•  DETERMINE  ATTENUATION 
PHASE  VARIATION,  FADING 
EFFECTS  AND  FREOUENCY 
OF  FLUCTUATION 

•  PROVIOE  CAPABILITY  TO 
MEASURE  FLUCTUATION 
HATES  AS  HIGH  AS  SO  M/ 

•  ANALYZE  DATA  TO  ESTAllllSH 
ORIGIN  OF  FLUCTUATION 
EFFECTS 


•  anomalous  absorption  •  ESTABLISH  valioity  of  anomaious 

EFF^FTS  ABSORPTION  EFrECTS 

•  DETERMINE  ATTENUATION  TIME 
EXTENT  OF  ABSORPTION 
ATMOSPHERIC  CONDITIONS 
FLUCTUATION  EFFECTS  STATISTICS 
OF  OCCURRENCE.  SEASONAL 
OCCURRENCE  AND  VARIATION  AS  A 
FUNCTION  OF  TIME  OF  DAY 

•  PERFORM  BOTH  MONOCHROMATIC 
ANO  BROAO  BAND  MEASUREMENTS 

•  PROVIOE  ANALYSIS  ON  SOURCE  OF 
ANOMALOUS  EFFECTS 


•  ATMOSPHERIC  TRANSMISSION 
SCATTERING  MODELS 


•  TRANSMISSION/SCATTERING 
MODELING  IN  MM  WINDOW 
REGIONS 

•  CHARACTERIZATION  IN  CLEAR 
AIR  AND  IN  THE  PRESENCE 
OF  AEROSOLS 

•  ANOMAIOUS  ABSORPTION 
EFFECTS  TO  BE  EMPLOYED 
WITH  AEROSOL  MODELS  AND 
MFTEOROLOGICAI  PARAMETERS 


GUIDANCE  SYSTEMS 


CURRENT  DATA  BASE  PROBLEMS 


LIMITED  EXPERIMENTAL 
DATA 

MUCH  OF  DATA  NOT 

ADEQUATELY 

CHARACTERIZED 

I  ACK  OF  DATA  IN 
CCNTRAL  EUROPEAN 
ENVIRONMENT 


CLEAR  AIR  EXPERIMENTAL  DATA 
HIGHER  THAN  PREDICTED  BY 
THEORY 

TEMPERATURE  'HUMIDITY  £FrECTS 
NOT  WELL  UNDERSTOOD 
FEW  MEASUREMENTS 

LIMITED  RAIN.  cOG.  SNOW  DATA 

•  AEROSOL  PARTICLE  SIZE 
DISTRIBUTIONS  NOT  CHABACTERIZED 

•  INSUFFICIENT  METEOROLOGICAL 
DATA 


•  NO  EXPERIMENTS  PERFORMED 
TO  CHARACTERIZE  TURBULENCE 
AND  ITS  EFFECTS  ON 
MILLIMETER  PROPAGATION 

•  RECENT  THEORETICAL  STUDIES 
INCONCLUSIVE  AS  TO  SEVERITY 
OF  TURBULENCE  EFFECTS 

•  COMBINED  EFFECTS  OF 
TURBULENCE  AND  WATER  VAPOR 
INHOMOGENEITIES  NOT 
UNDERSTOOD 


•  ABSORPTION  IN  WINDOW  REGIONS 
OFTtN  HIGHER  THAN  PREDICTED 
BY  THEORY  ESPECIALLY  UNDFR 
HIGH  HUMIDITY  CONDITIONS 

•  NO  UNIFIED  TREATMENT  OF  THE 
PROBLEM  EXISTS  THAT  HAS  A 
PHYSICAL  BASIS 


•  LIMITED  DATA  BASC 
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TARGET  AND  ENVIRONMENTAL  MEASUREMENTS  PROGRAM:  MILLIMETER  NAVE 
PROPAGATION  PLANS,  PROBLEMS,  AND  GAPS 

Robert  C.  Haraway 
US  Army  Missile  Command 
Redstone  Arsenal,  Alabama 


ABSTRACT 

The  following  is  a  brief  overview  of  the 
Measurements  Program  in  Advanced  Sensors  Direc¬ 
torate,  Technology  Laboratory,  MICOM,  as  it  re¬ 
lates  to  the  problem  of  -—essing  environmental 
effects  on  sensor  guidance  systems.  rhis  pro¬ 
gram  is  conducted  in  close  coordination  with 
the  research  and  development  of  guidance  sen¬ 
sors  and  is  designed  to  meet  senso-  develop¬ 
ment  requirements  for  target  and  environmental 
characteristics. 

I .  INTRODUCTION 

This  program  was  established  during  the 
Exploratory  Development  phase  of  Army  laser 
guidance  systems.  At  that  time,  there  was  seri¬ 
ous  concern  at  all  levels  of  Army  R&D  manage¬ 
ment  for  the  effects  of  the  tac'ical  environ¬ 
ment  on  laser  guided  systems.  The  Measurements 
Program  focused  primarily  on  the  laser  guidance 
problem  for  the  first  one  to  two  years.  During 
that  time,  the  technolcgy  for  infrared  and  milli¬ 
meter-wave  land  combat  guidance  sensors  was  de¬ 
veloping  rapidly  and  it  became  obvious  that  these 
sensor  development  programs  also  required  data 
on  targets  and  environmental  effects.  The  pro¬ 
gram  was  therefore  expanded  to  include  the  char¬ 
acterization  of  targets  and  environmental  ef¬ 
fects  in  the  infrared  and  millimeter-wave  spec¬ 
tral  regions.  The  program  objective  is  the  de¬ 
velopment  of  a  data  base  and  the  definition  of 
the  technology  required  for  development  of  land 
combat  guidance  sensors  which  will  maintain 
acceptable  operational  capabilities  under  ad¬ 
verse  tactical  conditions,  including  smoke,  dust, 
adverse  weather,  background  clutter  and  false 
targets. 


Resulting  data  and  analyses  from  the  pro¬ 
gram  are  issued  through  technical  reports  which 
are  distributed  to  the  R&D  community  directly 
and  through  the  Defense  Documentation  Center, 
and  the  Guidance  and  Control  Information  and 
Analysis  Center  (GAC1AC) . 


TARGET 
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Figure  1 .  Measurements  program. 
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PROGRAM  FUNCTIONS 


The  functions  involved  in  the  conduct  of 
the  program  are  depicted  in  Figure  1.  In  gen¬ 
eral  ,  the  effort  has  been  about  evenly  divided 
between  in-house  and  contract  support.  Typi¬ 
cally,  a  measurements  project  or  task  is  de¬ 
fined  in-house,  and  a  Measurements  Plan  and 
Scope  of  Work  are  prepared.  This  is  followed 
by  the  selection  and  installation  of  instru¬ 
ments  in  the  field,  on  towers,  or  aboard  a  spe¬ 
cial  measurements  helicopter.  Data  are  then 
collected  and  analyzed  on  a  quick- look  basis  to 
insure  data  quality  and  avoid  excessive  data 
collection  and  duplication.  In-deptn  data  anal¬ 
ysis  may  be  accomplished  either  in-house  or  on 
contract.  Frequently,  contracts  are  also  em¬ 
ployed  to  provide  technical  support  for  the  de¬ 
velopment  sensors  or  seekers  used  ,-s  measure¬ 
ment  instruments. 


Figure  2.  Sensor /guidance  development- 
measurements  interface. 


3.  SENSORS  DEVEl'VMENT /MEASUREMENT  INTERFACE 

From  the  beginning,  the  Measurements  Pro¬ 
gram  has  been  closelv  interrelated  with  the 
MICOM  Sensor  Development  Program  for  weapons 
guidance  applications,  as  illustrated  in  Figure 
2.  As  early  as  possible  in  the  sensor  develop¬ 
ment  process,  the  requirements  of  the  antici¬ 
pated  tactical  environment  are  identified  and 
field  measurements  initiated  to  provide  data  on 
Liiose  effects  which  ultimately  determine  system 
performance.  The  program  therefore  provides  a 
data  base  for  sensor  design  and  development, 


yriwa,,  . .itttfflB 


arl  later  for  modeling  and  simulation  in  the 
prediction  of  sensor  guidance  system  performance. 

To  further  emphasize  the  close  working  re¬ 
lationship  between  the  Measurements  and  Sensor 
Development  Programs,  it  should  be  pointed  out 
that  developmental  sensors  are  frequently  used 
for  measurements  instrumentation.  The  use  of 
developmental  sensors  offers  the  advantage  that 
tlic  resulting  dara  represent  state-of-the-art 
sensor  performance  capabilities. 

4.  TACTICAI.  PROBLEMS  AND  OBJECTIVES 

The  general  scope  of  the  program  is  il- 
'ustrated  in  Figure  3.  It  will  be  noted  tnat 
this  effort  is  designed  to  address  the  broad 
Science  and  Technology  {5&T)  Objectives  contained 
in  the  Army  Science  &  Technology  Objectives 
Guide.  These  objectives  call  for  weapons  capa¬ 
bilities  in  battlefield  environments,  including 
adverse  weather,  smoke  and  dust. 

Although  this  chart  indicates  primary  ac¬ 
tivity  at  millimeter  frequencies  up  to  and  in¬ 
cluding  94  GHz,  there  is  also  major  interest  in 
the  higher  millimeter  frequencies,  particularly 
for  guidance  applications  such  as  beam-rider, 
where  high-resoiution  antenna  beam  patterns  are 
required. 

Dp  to  the  present  time,  the  program  empha¬ 
sis  has  been  primarily  :n  two  areas:  the  char¬ 
acterization  of  targets  and  background,  and  the 
measurements  of  smoke  and  dust  effects  on  laser 
and  infrared  sensor  guiaance.  With  accelerated 
efforts  on  development  of  millimeter  guidance 
sensors,  the  program  will  include  increased  em- 
nhasis  on  assessment  of  millimeter  wave  propaga¬ 
tion  capabilities  in  adverse  environments. 

5.  DEFINING  PROPAGATION  TASK  OBJECTIVES 

As  noted  earlier,  the  Measurements  Program 
efforts  have  been  based  on  the  anticipated  tac¬ 
tical  environment  for  guidance  systems  under  de¬ 
velopment,  in  support  of  the  Ml  COM  R&i)  mission. 


Consistent  with  this  approach,  in  defining  ob¬ 
jectives  for  millimeter  propagation  work  to  be 
accomplished,  we  must  begin  with  an  examination 
of  current  guidance  systems  concepts.  Other 
papers  in  this  session  outline  these  concepts 
and  the  related  needs  for  propagation  research 
and  analysis.  It  appears  now  that  the  initial 
task  is  thuc  of  defining  the  various  areas  of 
work  required,  in  a  priority  order  directly  re¬ 
lated  to  the  atmospheric  effects  most  likely  tc 
limit  systems  performance.  To  illustrate.  Figure 
4  shows  the  various  tactical  geometries  associ¬ 
ated  with  systems  under  investigation.  These 
various  systems  applications  involve  propagation 
paths  which  vary  from  the  Horizontal  near-earth, 
to  those  wit"'  vertical  incidence  angles.  Asso¬ 
ciated  will:  these  systems  concepts  are  design  ob¬ 
jective-  including  target  detection  and  acquisi¬ 
tion  ranges,  which  are  dependent  on  weather  and 
other  environmental  conditions.  Other  objectives 
include  beam  pointing,  resolution,  ar.d  tracking 
capability,  which  may  be  affected  by  turbulence, 
which  in  turn  may  exhibit  a  dependence  on  the 
propagation  path  angle  of  incidence.  Other  ex¬ 
amples  relating  propagation  effects  to  guidance 
applications  could  be  suggested,  but  the  point 
to  be  made  here  is  that  we  need  to  determine  what 
tile  most  significant  effects  on  system  perform¬ 
ance  will  be,  as  early  in  development  programs 
as  possible. 

6.  PROGRAM  PLANNING 

It  is  known  that  various  atmospheric  ef¬ 
fects  may  degrade  millimeter  systems  performance. 
Preliminary  plans  include  the  following: 

a.  PROPAGATION  MEASUREMENTS  THROUGH  VARIED 
WEATHER  CONDITIONS 

(1,1  MULTIPLE  WAVELENGTHS  (35/°4/W0/2Z0,,340  GHjI 
(2)  COMPARATIVE  PERFORMANCE 
(3!  AS  A  FUNCTION  OF  GUIDANCE  GEOMETRY 
(4)  VARIOUS  GEOGRAPHIC  ENVikONME.‘.'tS 

b.  SMOKE.  DUST  MEASUREMENTS 

c.  COMBINED  EFFECTS 

Jj.  SYSTEM- RE '.AT  ED  EFFECTS  (MULTIPATH.  EXHAUST  PLUME 
EFFECTS) 


SAT  OBJECTIVES 


CLOSE  COMBAT 
CAPABILITIES: 
HELICOPTER  BORNE 
MISSILES 

ANTI  TANK  MISSILES 


GUIDANCE  SENSOR 

TARGET  OETECTION  & 
DISCRIMINATION 

3ATTLEFIELO  SMOKES. 
HAZE.  DUST 

ADVERSE  WEATHER 

LASER 

(1.06  MICRONS 
&  10  6  MICRONS) 

TARGET  REFLECTANCE  OF 
US  &  FOREIGN  ARMOR. 

SACKGROUNOS  &  FALSE 
TARGETS. 

DESIGNATOR  S  SEEKER 
MEASUREMENTS 

SMALL  SCALE  FIELD 
EXPERIMENTS 

SUPPORT  TACTICAL  SCALE 
FIELO  TESTS. 

SMOKE/OUST 

MODELING 

NiGHT/FOG 

ATMOSPHERIC  PROPAGATION 
measurements. 

ATMOSPHERIC  MODELING 

ANALYSIS 

INFRARFO 

(3-5  MICRONS 
&  8-14  MICRONS) 

TARGET  SIGNATURES  OF 

US  &  FOREIGN  ARMOR 

BACKGROUNDS  &  FALSE 
TARGETS 

SEEKER  MEASUREMENTS 

SAME  -  WITH  3-5  5 

8-14  MICRON 

THERMOVISION  8. 

SEEKER  SENSORS 

SAME  -  WITH  3-5  &  8-14 

MICRON  THERMOVISION  & 

SEEKER  SENSORS 

MICROWAVE/ 

MILLIMETER 

(20  GHf.  35  GHf. 

70  GH f.  W  GHf) 

TARGET  SIGNATURES  OF 

US  &  FOREIGN  ARMOR 

BACKGROUNDS  &  FALSE 
TARGETS. 

SEEKER  MEASUREMENTS 

SAME  -  WITH  35  GHf 
&  94  GHf  SEEKER 

SENSORS. 

MET.  DATA  TAKEN  ON  35  GHf 
&  94  GHf  TOWER  &  AIRBORNE 
SENSOR  EXPERIMENTS 

35  GHz  RAOAR  OETECTION  * 
DISCRIMINATION  EXPERIMENTS 

FIRE  SUPPORT 
CAPABILITIES 
INDIRECT  FIRE 
PRECISION  MUNITIONS 
INDIRECT  FIRE  MISSILES 


Figure  3.  Tactical  problems  and  objectives. 
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Figure  i.  Propagation  path  geometries. 


They  are  exploratory  in  nature,  and  intended  to 
initially  assess  tiie  spectral  bands  indicated 
for  the  various  system  applications  being  con¬ 
sidered.  Initial  plans  call  for  comparative 
measurements  at  multiple  frequencies  over  the 
same  propagation  path,  and  under  near  simulta¬ 
neous  conditions.  Other  measurements  will  deal 
with  the  effects  of  guidance  geometry,  as  sensor 
instrumentation  becomes  available.  The  collec¬ 
tion  of  data  in  multiple  spectral  bands,  for 
widely  separated  geographic  locations  has  not 
been  considered  feasible  in  the  past.  However, 
the  current  development  of  an  Army  mobile  meas¬ 
urements  facility,  will  offer  this  capability. 
This  facility  is  covered  in  more  detail  by  other 
papers  in  this  proceedings,  e.g. ,  session  9. 

Smok  •  and  dust  measurements  will  be  con¬ 
ducted  at  bedstone  Arsenal  and  also  in  conjunc¬ 
tion  with  large-scale  Army  experiments  on  spe¬ 
cially-instrumented  ranges.  These  normally  in¬ 
clude  a  wide  range  of  laser  and  infrared  instru¬ 
mentation,  and  millimeter  capabilities  will  be 
added  as  available.  Combined  effects  refers, 
for  example,  (o  the  combination  of  certain 
smokes  and  high  humidity,  which  may  be  more  se¬ 
vere  than  smoke  in  a  dry  environment. 

Finally,  there  are  system  related  effects 
which  must  be  evaluated  under  carefully  control¬ 
led  conditions. 


7 .  PROBLEMS 

One  problem  which  has  severely  limited  thor¬ 
ough  investigation  of  millimeter  propagation  ef- 
tects  on  guidance  systems  has  been  the  lack  of 
availability  of  millimeter  instrumentation  for 
necessary  measurements,  particularly  at  the 
shorter  wavelengths.  Propagation  measurements 
for  assessing  the  effects  of  varied  weather  con¬ 
ditions  require  the  commitment  of  instrumentation 
lor  extended  periods  of  time,  and  of  course  require 
sensitive,  stable  equipment.  Current  millimeter 
instrumentation  development  efforts  within  the 
Army  will  probably  alleviate  this  problem. 

Similarly,  there  has  been  a  problem  in  the 
availability  of  meteorological  instrumentation 
for  characterizing  weather  conditions  of  parti¬ 
cular  concern  in  tactical  systems  application, 
including  fegs  and  light  to  moderate  rain.  Con¬ 
tributing  to  this  problem  has  been  the  interest 
in  collecting  data  at  several  stations  along  a 
propagation  path  rather  than  only  at  one  location. 

System-related  priorities  refers  to  the 
problem  of  determining  or  defining  those  propaga¬ 
tion  effects  which  are  most  critical  in  terms  of 
proposed  systems  applications.  In  other  words, 
ue  need  to  know  as  early  as  possible  of  tactical 
limitations  imposed  on  proposed  systems  by  cer¬ 
tain  weather  conditions,  in  order  to  evaluate 
the  potealial  usefulness  of  such  systems. 

Tne  development  of  useful  models  for  the 
various  weather  conditions  of  tactical  interest, 
which  are  needed  for  realistic  systems  simulation, 
is  viewed  here  as  a  problem.  Actually,  the  de¬ 
velopment  of  such  models  will  depend  on  the  ac¬ 
quisition  of  an  adequate  data  base  representative 
of  the  weather  conditions  of  interest.  The  prob¬ 
lem  anticipated  with  modeling  is  that  of  defining 
sets  of  "typical"  conditions  which  are  of  reason¬ 
able  size  vet  cover  a  realistic  range  of  real- 
world  situations. 

The  design  of  experiments  is  considered 
here  as  a  problem,  from  the  viewpoint  that  effi¬ 
cient,  careful  planning  of  field  experiments  is 
essential  in  order  to  achieve  an  assessment  oi 
planned  Army  guidance  systems  capabilities  on  a 
tiruly  basis. 


EXTENSION  OF  ENVIRONMENTAL  MODELLING  FROM  THE  OPTICAL 
THROUGH  THE  MM  REGION 

H.  Anderson 

L'S  Army  Missile  Command 
Redstone  Arsenal,  Alabama 


Abstract  and  manuscript  not  available. 
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A  SURVEY  OF  MILLIMETER  RADIO  AND  SUBMILLIMETER 


RADIO  WAVE  PROPAGATION 


Archie  W.  Straiton 

Electrical  Engineering  Research  Laboratory 
The  University  of  Texas  at  Austin 
Austin,  Texas 


ABSTRACT 

The  transition  in  the  use  of  radio  wavelengths 
longer  than  a  few  centimeters  to  those  of  milli¬ 
meter  and  shorter  lengths  creates  additional 
transmission  and  reflection  problems.  This 
paper  will  discuss  the  effects  of  the  length  of 
these  waves  approaching  (1)  the  resonant  wave¬ 
lengths  of  atmospheric  gases,  (2)  the  size  of 
raindrops  and  other  particulate  matter,  and  (3) 
lengths  very  small  compared  to  nearly  all  radar 
targets  of  interest. 

1.  INTRODUCTION 

It  is  a  pleasure  to  see  the  increasing  inte -est 
in  the  transmission  of  millimeter  radio  waves 
through  the  atmosphere.  Studies  in  this  field  have 
provided  new  insight  into  the  area  of  the  electro¬ 
magnetic  spectrum. 

Table  1  appeared  in  Barrow  (1938),  Light, 
Photometry  and  IlLminating  Engineering  It 
gives  a  description  of  the  electromagnetic  spec¬ 
trum  with  an  undefined  gap  between  10^  Hz  and 
6  x  1011  Hz. 


Form  of  Energy- 

He  rtz 

Wireless  telegraph  wave 

105  to  10 ' 

Hertzian  waves 

7  9 

10  to  107 

Infrared  rays 

1 1  14 

6  x  10  to  4  x  10 

Visible  light 

4  x  1014  to  7.  7  x  10 

Ultraviolet  light 

14  15 

7.7x10  to  3x10 

Frequency  of  Energy 
Table  1  _ 


Even  in  1961  an  encyclopedia  defined  the 
lower  frequency  limit  of  infrared  as  being  inde¬ 
finitely  defined  but  extending  to  approximately 


350  microns  (0.35  mm)  which  was  the  limit 
where  heat  measuring  techniques  could  still 
be  used. 

This  defined  infrared  as  the  region  where 
it  was  possible  to  use  incoherent  heat  mea¬ 
suring  instrumentation  while  the  radio  wave 
region  was  where  it  was  possible  to  use  radio 
instrumentation.  The  mysterious  region  in 
Table  1  betw-een  10^  Hz  (30  cm)  and  6  x  10** 
Hz  (0.  5  mm)  was  a  region  which  could  not  be 
studied  by  either  approach. 

The  title  ol  this  meeting  and  the  papers 
included  shew  that  the  barrier  between  radio 
and  infrared  waves  has  been  broken  by 
approaches  from  both  sides.  The  develop¬ 
ments  of  the  laser  and  of  the  microwave  bolo¬ 
meter  have  made  obsolete  the  definitions 
basqd  on  coherent  and  incoherent  systems. 

Tbe  advances  which  have  been  made  in 
understanding  and  using  wavelengths  between 
0.  I  mm  and  1 . 0  mm  have  left  us  in  a  state  of 
confusion  for  a  simple  name  for  this  band. 
Such  titles  as  millimeter  waves  and  beyond, 
submillimeters,  or  far-infrared  are  not  very 
specific  and  add  more  confusion  when  we 
speak  of  wavelengths  less  than  0.  1  mm. 

We  have  about  run  out  of  superlatives  for 
radio  bands  when  we  call  dekameter  waves 
"high  frequency",  meter  waves  "very  high 
frequency",  decimeter  wave  "ultra  high 
frequency",  centimeter  waves  "super  high 
frequency",  and  the  millimeter  waves  "ex¬ 
treme  high  frequency".  It  is  hard  to  top 
ultra,  super  and  extreme. 

There  does  not  seem  to  be  an  accepted 
w'ord  for  10_i*.  My  suggestion  is  that  of 
dropping  to  the  micron  ( 1 0 m)  as  a  base  and 
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calling  the  bands  above  300  GHz  as  shown  in 
Table  2. 


i  Band 

F  requency 

Wavelength 

1 

(terahertz) 

(meters) 

hectomicron 

0. 3  to  3 

!0'4  to  10‘3 

dekamicron 

3  to  30 

i0"5  to  10‘4 

micron 

30  to  300 

10‘°  to  lO'3 

Title  for  Bands  with  X  <  1  m  m 
_ Tab.e  2 _ 

The  previous  comments  indicate  that  the 
spectrum  under  discussion  at  this  meeting  has 
some  of  the  properties  of  radio  waves  and  some 
of  infrared. 

Starting  from  the  lower  frequencies  three 
effects  of  the  reduction  in  wavelength  from  those 
in  more  conventional  radio  use  receive  the  great¬ 
est  attention  and  will  be  reviewed  briefly.  These 
are  (1)  the  interaction  of  the  millimeter  and 
hectomicron  waves  with  the  molecular  rotation 
energy  states  of  oxygen  and  water  vapor,  (2)  the 
absorption  and  scattering  by  water  drops,  snow 
flakes  and  other  solid  particles  in  the  atmosphere 
and  (3)  a  change  in  the  type  of  interaction  with 
surfaces  including  antennas,  ground,  trees, 
buildings,  targets,  etc.  whose  dimensions  become 
very  large  compared  to  the  wavelength. 

2.  INTERACTION  WITH  ATMOSPHERIC  GASES 

Tw'o  types  of  molecules  have  interaction  with 
radio  waves.  Some  molecules  including  water 
vapor  have  a  permanent  electric  dipole  and  others 
including  oxygen  have  magnetic  dipoles.  A  very- 
simplified  model  is  that  of  a  spinning  baton  with 
fixed  charge  separation  or  fixed  magnetic  poles. 

By  quantum  theory,  each  mode  of  rotation  is 
associated  with  a  certain  energy  level.  Changes 
from  lower  to  higher  energy  levels  occur  when  an 
electromagnetic  frequency  associated  with  the 
energy  change  falls  on  the  spinning  molecule.  The 
process  is  reversed  when  an  unbalance  in  the  upper 
energy  population  levels  causes  the  spin  to  revert 
to  a  lower  level  and  the  molecule  to  radiate  energy 
at  a  frequency  near  the  resonant  abs.-rption  one. 

At  very  low  pressures  the  interaction  of  a 
polar  molecule  and  an  electromagnetic  field  tends 
to  be  limited  to  a  series  of  very  narrow-  bands  of 
frequencies.  Some  broadening  at  very  low  pres  - 
sures  is  caused  by  doppler  effects  of  the  spinning 
molecule  and  two  closely  spaced  peaks  instead  of 
one  will  appear  in  the  presence  of  a  magnetic 
field.  This  later  situation  is  found  ir.  the  upper 
atmosphere  but  is  of  no  consequence  near  the 
earth. 


At  veiy  low  pressures,  saturation  of  the 
molecules  in  the  higher  levels  may'  result  in  a 
reduction  of  the  energy  absorption  rate. 

Charles  Tolbert  of  our  laboratory  checked  this 
effect  at  4.  3  millimeters  by  measuring  the 
atmospheric  attenuation  during  the  day  using 
solar  radiation  and  during  the  night  using  lunar 
radiation.  H"  found  no  difference  within  the 
accuracy  of  measurements. 

At  pressures  near  ground  level  the  only 
important  souice  of  line  broadening  is  the  col¬ 
lision  of  molecules.  A  line  width  is  defined  by 
the  difference  between  the  two  frequencies  at 
which  the  absorbed  power  is  reduced  to  one 
half  of  the  peak  value.  This  line  width  is  pri¬ 
marily  dependent  on  the  pressure,  the  tem¬ 
perature  and  the  gas  mixture. 

In  the  laboratory  the  line  w-idth  factor, 
tne  resonant  frequency  and  peak  attenuation 
can  be  measured  with  precision.  The  extra¬ 
polation  of  the  low  pressure  measurements  to 
the  far  wings  of  the  absorption  lines  has  re¬ 
sulted  in  some  discrepancy  between  absorption 
as  calculated  from  the  line  width  factor  deter¬ 
mined  at  low  pressure  and  the  loss  found  under 
actual  field  data. 

Fig.  1  shows  the  center  frequencies  bet¬ 
ween  10  and  300  GHz  of  gases  commonly 
founc  in  the  atmosphere.  T  venty-one  oxygen 
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lines  are  clustered  between  5  to  u  mm  and  one  fells 
at  2.  5  mm.  One  water  vapor  line  is  at  22  C>H. 
and  one  at  173  GHz.  Hundreds  of  other  water 
vapor  lines  are  in  the  1  to  100‘J  micron  region. 
Ozone  effects  are  limited  to  higher  elevations  and 
the  ozone  density  is  not  enough  to  cause  appre¬ 
ciable  attenuation.  The  other  gases  shown  are  in 
small  enough  amounts  so  that  they  are  not  major 
contributors  to  radio  transmission  loss  under 
usual  conditions. 

Recently  our  millimeter  radio  astronomy  od- 
servatory  at  McDonald  Observatory  in  West  Texas 
was  able  to  detect  a  CO  layer  ir.  the  upper  atmos¬ 
phere  at  the  230  GHz  line.  The  radiation  received 
from  the  sun  ai  nind  230  GHz  as  a  function  of  freq¬ 
uency  is  shown  in  Fig.  2.  The  receiver  used  had 


-3.0  -2.0  -1.0  0  1.0  2.0  3.0 

AF  (  1  unit  =  .  766  mHz  1 

Solar  Radiation  Absorption  by  CO 

Fig.  2 

128  filters  each  with  a  bandwidth  of  100  kilohertz. 
From  the  half  power  bandwidth  the  height  of  the 
layer  was  estimated  be  approximately  50  km. 
The  line  was  also  measured  in  emission  with  the 
peak  replacing  the  minimum  at  the  line  center. 

The  absorption  as  a  function  of  frequency  is 
given  in  most  papers  on  millimeter  waves  either 
in  terms  of  the  loss  per  kilometer  at  sea  level  or 
the  loss  on  a  vertical  pall:  from  sea  level  to  outer 
space.  These  usually  assume  a  standard  atmos¬ 
phere  which  may  or  may  nor  be  a  good  repre¬ 
sentation  for  a  given  geographical  location  and 
time.  A  plot  of  sea  level  attenuation  has  the  same 
general  features  but  with  different  units  and  num¬ 
bers  compared  to  the  loss  on  a  vertical  path. 


Many  groups  have  shied  away  from  using  fre¬ 
quencies  near  the  first  water  vapor  line  at  22 
GHz  but  for  many  purposes  such  as  satellite 
communication,  its  gas  loss  would  not  be  a 
major  deterent. 

The  three  windows  in  the  millimeter  band 
between  the  peaks  of  the  absorption  lines  pro¬ 
vide  ranges  of  frequencies  over  which  the 
attenuation  has  relatively  low  values.  Since 
water  vapor  density  changes  with  time  and 
location,  it  is  difficult  to  say  that  one  parti¬ 
cular  frequency  in  the  window  as  around  90 
GHz  is  optimum  without  taking  into  account  the 
mean  water  vapor  density.  The  intensity  and 
width  of  the  lines  can  be  studied  conveniently 
in  the  laboratory  where  temperature  and  pres¬ 
sures  may'  be  controlled.  Tolbert  et  al.  (1964) 
and  Schulze  and  Tolbert  (1963)  reported  studies 
made  in  a  15  cm  diameter  tube  152  meters  long. 
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Figure  3  from  their  work  shows 
the  dependence  of  line  width  and  of  the  maxi¬ 
mum  attenuation  on  pressure.  Note  that  the 
linewidth  is  linearly  dependent  on  pressure 
and  the  maximum  attenuation  factor  remains 
essentially  constant  as  the  pressure  is  re¬ 
duced  to  about  2  mm  Hg. 

The  precision  measurements  attained  in 
the  laboratory  are  not  possible  when  the  tests 
are  made  through  the  actual  atmosphere.  In 
the  first  place,  the  content  of  the  atmosphere 
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is  a  variable  quantity.  Meteorologists  did  not  know 
how  fast  that  vapor  density  and  temperature  act¬ 
ually  fluctuated  until  the  resonant  cavity  atmos¬ 
pheric  refractometer  was  developed.  This  device 
which  measures  the  refractive  index  of  the  air  as 
determined  by  water  vapor,  pressure  and  tem¬ 
perature  is  constantly  changing  both  in  time  at  one 
location  and  in  space.  Vvfe  are  never  quite  sure 
what  exact  value  should  be  used  to  associate  with 
radio  data  particularly  for  longer  ranges.  We  re¬ 
sort  to  models  of  the  atmosphere  which  may  be 
excellent  statistical  averages  but  which  cannot  be 
relied  upon  for  a  particular  time  01  place.  Ter¬ 
rain.  wind  directions,  weather  fronts,  and  sur¬ 
face  features  can  all  change  the  meteorological 
factors  that  control  the  atmospheric  gas  absorption. 


It  is  particularly  difficult  10  measure  the  atten¬ 
uation  of  the  22  GHz  water  vapor  line  through  the 
actual  atmosphere.  The  loss  *s  so  small  per  kilo¬ 
meter  that  an  extended  test  range  must  be  used. 

All  of  the  variables  causing  erratic  data  frequently 
mask  the  true  value  of  attenuation.  Since  water 
vapor  density  variation  is  desired,  absolute 
power  levels  measured  over  enough  days  to  be 
able  to  draw  a  graph  of  attenuation  vs  water  vapor 
der.sityarenecessary.  To  get  the  oxygen  loss 
this  graph  must  be  extrapolated  to  zero  water 
vapor.  This  process  does  not  lend  itself  to  very 
high  accuracy  because  it  is  difficult  to  get  high 
and  low  water  vapoi  density  periods  in  a  reason¬ 
able  time  span.  The  measui ament  of  losses  due 
to  water  vapor  and  oxygen  through  d'."  actual 
atmosphere  is  easier  at  frequencies  where  *he 
loss  is  high  because  of  the  short  distances  re¬ 
quired. 


The  measurement  of  gas  attenuation  from 
earth  to  space  can  be  made  by  tracking  the  sun 
or  moon  as  it  moves  across  the  sky  on  relatively 
clear  days.  It  is  assumed  that  the  atmosphere 
is  horizontally  stratified  so  that  the  attenuation 
will  vary  in  proportion  to  the  secant  of  the  angle 
from  the  zenith.  The  usual  reference  is  to  the 
ground  level  humidity  and  a  "standard"  atmo¬ 
sphere  which  relates  the  total  water  vapor  along 
a  trans -atmospheric  path  to  the  ground  level 
condition.  This  is  a  lough  approximation  but 
must  not  be  relied  upon  for  high  precision  atten¬ 
uation  predictions,  Extiapolation  of  radio  atten¬ 
uation  data  from  one  location  to  another  is  risky 
as  shown  by  the  disagreement  in  the  results  ob¬ 
tained  by  various  experimenters  m  different 
climatological  areas. 


At  the  so-cal’.ed  windows  below  4C  GHz,  and 
around  90,  and  140  GHz,  the  atmospheric  gases 
do  not  become  a  serious  problem  if  paths  arc 
leneth  limited  and  when  satellite  paths  are  kept 
at  20*  or  higher  above  the  horizon. 


3.  INTERACTION  WITH  RAIN  DROPS 


The  most  damaging  factor  to  millimeter 
wave  propagation  is  precipitation  along  the 
radio  path.  Fortunately,  unlike  polar  gases, 
rain  is  present  only  pait  of  the  time.  The 
inte  raction  of  an  elect?  omagnetic  wave  and  a 
single  spherical  rain  drop  is  well  understood. 
If  the  wavelength  is  many  times  larger  than 
the  drop  diameter,  the  absorption  and  scat- 
teri  lg  will  be  small.  The  wavelength  depen¬ 
dence  is  well  known  and  agreement  between 
theory  and  measurements  for  homogeneous 
drops  has  been  verified.  As  the  wavelength 
approaches  the  drop  dimensions,  resonance 
effect  occurs  and  the  scattering  from  the 
drops  increases  rapidly.  For  wavelengths 
much  shorter  than  the  dimensions,  the  rain 
drops  act  essentially  as  shields  which  bl.  ck 
out  the  fraction  of  the  wave  falling  on  t’-em. 
Millimeter  waves  over  short  ranges  do  well 
in  fogs  because  the  drop  sizes  are  small  com¬ 
pared  to  the  wavelength  but  optical  or  micron 
laser  beams  are  obliterated. 


If  the  number  and  size  of  drops  along  a 
given  transmission  path  were  known,  the  loss 
could  be  calculated  with  considerable  reli¬ 
ability.  Since  such  information  is  never  known 
accurately,  it  is  necessary  to  relate  the  drop 
distribution  to  the  rain  fall  rate  on  the  ground. 
The  Marshall-Palmer  and  Laws  and  Parsons 
models  are  commonly  used  to  relate  the  num¬ 
ber  of  drops  of  various  sizes  to  the  rain  rate. 
There  are  a  number  of  obvious  limitations  to 
this  process.  In  the  first  place  the  models 
are  statistical  ones  and  the  actual  distribution 
will  vary  both  with  time  and  space.  The  most 
common  method  of  measuring  rain  rate  is  with 
tipping  bucket  gauges  which  are  step  by  step 
integrating  devices.  At  low  rain  rate  the  inte¬ 
gration  may  be  over  time  periods  which  hide 
the  peak  loss.  An  example  of  the  variability 
of  rain  attenuation  at  2.  15  mm  is  shewn  in 
Fig.  4.  This  not  only  shows  the  scatter  in 
the  data  but  also  the  excess  of  the  loss  over 
vhe  theoretical  values  for  periods  of  very  light 


For  short  paths  with  closely  spaced 
gauges,  the  agreement  between  averaged  mea¬ 
surements  and  theory  may  be  good.  However, 
for  longer  paths  the  distribution  of  the  rain  is 
quite  variable  with  the  heavy  rain  limited  in 
range  while  lighter  rains  are  commonly  more 
widely  distributed. 


For  satellite  paths  a  knowledge  of  the 
number  A  drops  and  their  sizes  along  the  path 
is  meager.  Rain  gauges  are  almost  useless  for 
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a  correlation  with  attenuation. 

In  connection  with  the  ATS -5  satellite  a*-  12.  7 
GHz  observed  at  angle  from  zenith  of  32*,  it  was 
our  experience  that  very  little  rain  attenuation 
occurs  unless  a  thunderstorm  was  in  the  vicinity 
of  the  receiver.  No  attenuation  in  excess  of  10 
dS  occurrec  unless  a  thunderhead  with  a  height 
of  10  km  or  more  was  present.  The  height  and 
width  of  thunderstorms  are  roughly  the  same  so 
that  a  spaceo  diversity  system  provides  a  re¬ 
duction  in  the  time  of  a  potential  outage.  The 
probability  of  the  individual  receivers  and  the 
combination  having  atteruations  exceeding  various 
levels  were  measured.  The  space  diversity  re¬ 
duced  the  probability  of  attenuation  in  excess  of 
10  dB  by  going  from  a  single  receiver  to  spaced 
receivers  for  which  the  spacing  was  1  1  km. 

The  attenuation  through  the  total  atmosphere 
may  also  be  measured  by  the  radiation  both 
from  the  atmospheric  gases  and  from  rain.  The 
correlation  of  the  loss  calculated  from  such 
antenna  temperature  data  and  actual  measurements 
is  good  for  relatively  small  losses.  If  the  atmo¬ 


sphere  is  nearly  opaque,  the  radiometer  will 
see  only  the  nearest  part  of  the  sky  path  and 
not  give  a  correct  value  of  the  losses. 

A  further  complication  of  the  rain  studies 
is  that  the  drops  in  falling  tend  to  flatten.  This 
causes  greater  attenuation  for  polarization 
along  the  major  axis.  Wind  blown  drops  be¬ 
come  canted  and  the  maximum  attenuation  may 
not  be  for  horizontal  polarization.  However, 
the  differences  in  the  reactions  of  the  two 
polarizations  of  the  radio  waves  is  small  com¬ 
pared  to  uncertainties  as  to  the  rain  rate  and 
drop  distribution  along  the  path. 

4 

The  greatest  unknown  in  millimeter 
and  hectomicron  radio  propagation  is  the  lack 
of  adequate  meteorological  information  over 
extended  links,  either  between  earth  points  or 
from  earth  to  a  satellite.  We  cannot  at  this 
time  predict  for  a  long  path  exactly  what  will 
happen  at  a  particular  time.  A.s  a  result,  we 
need  to  accumulate  statistical  data  so  that  we 
may  predict  the  probable  length  of  time  that 
attenuation  greater  than  a  certain  level  will  be 
experienced.  When  we  consider  the  translation 
of  results  from  one  location  to  another  and  that 
the  propagation  data  changes  with  frequency, 
we  now  have  only  a  minim;.!  amount  of  data  for 
engineering  design.  The  Weather  Bureau  has 
collected  rain  data  for  a  hundred  years  but 
no  season  fits  exactly  the  long  term  statistical 
average. 


4.  INTERACTION  WITH  SURFACES 

The  third  aspect  of  the  reduction  of  wave 
length  is  the  effect  that  this  change  has  on  the 
reaction  with  surfaces.  Various  arbitrary  de¬ 
finitions  for  a  smooth  surface  have  been  used 
based  on  the  maximum  phase  difference  be¬ 
tween  the  shortest  and  longest  path  involved  in 
reflection  from  a  surface  area.  If  we  assume 
that  a  delay  of  less  than  1/8  wavelength  will 
not  cause  serious  phase  interference,  we  may 
calculate  the  roughness  in  a  surface  as  a 
function  of  the  angle  of  incidence,  assuming 
no  shadowing  of  one  part  by  another.  Such 
calculations  are  shown  in  Table  3  for  wave¬ 
lengths  of  1  cm  and  1  mm. 

Fig.  5  illustrates  this  change  in  forward 
reflection  with  frequency  over  a  fairly  smooth 
bare  ground  surface  (Straiten,  1952).  This 
figure  shows  that  the  forward  reflection  in¬ 
creases  as  the  angle  approach  grazing  and  de¬ 
creases  as  the  wavelength  is  decreased. 
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Allowable  Anglo  from  Allowed 


Wa  velength 

Path  Differ 

normal 

Surface 

Variations 

1  cm 

l ,  25  mm 

90* 

0.  67  mm 

30* 

1 ,  34  mm 

10* 

3,  86  mm 

2* 

1.  92  cm 

l  mm 

l .  25  pm 

90* 

62  pm 

30* 

124  pm 

10* 

386  pm 

2" 

1 .  92  mm 

cm  - 

Centimeter,  mm  -  Millimeter, 

pm  -  Micrometer 

Roughnoss  Criteria  for 

l  cm  and  for  1  mm 

Table  3 
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Fotward  Reflection  of  Fairly 
Sniooth  Ground 

Fig.  5 


The  decrease  In  forward  scatter  Is  accom- 
pained  by  an  Increase  In  scattor  in  all  directions 
including  return  to  the  transmitting  point.  This 
enhanced  backscattor  may  show  an  object  which 


does  not  return  a  signal  to  the  transmitter  as 
a  well  defined  shadow  in  the  brightened  back¬ 
ground  noiso, 

At  millimoter  and  hectomlcron  wavolengths 
complex  radar  targeln  respond  as  Individual 
facets  rather  than  as  a  whole,  The  term  glint 
originally  was  associated  with  changes  In 
phases  of  returns  whose  magnitudes  remained 
essentially  constant,  For  the  wavelengths  under 
discussion  at  thts  conference  It  Is  more  likely 
that  "glint"  Is  associated  with  changes  in  mag¬ 
nitude,  At  slightly  different  angles  of  obser¬ 
vation  small  changes  In  angle  of  Incidence 
from  normal  to  flat  surfaces  cause  rapid  re¬ 
duction  In  the  backscatter. 

Passive  measurements  of  surfaces  alone 
or  combined  with  active  measurements  may 
provide  valuable  data.  Since  radiometry  is 
based  on  heat  sources,  angles  of  observation 
and  phasing  are  not  as  Important  as  with  co¬ 
herent  radiation.  Since  the  depth  of  penetration 
of  the  ground  decreases  with  Increasing  fre¬ 
quency,  the  shorter  waves  appear  to  come  from 
nearer  the  surlace  than  do  longer  ones,  This 
Is  Illustrated  by  measuring  the  radiation  from 
an  area  on  the  moon  through  a  lunar  cycle, 
Curves  for  Buch  measurements  at  35  and  94  GHz 
are  shown  in  Fig.  6,  It  is  noted  the  94  GHz 
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radiation  more  nearly  follows  the  illumination  of 
the  moon  while  35  GHz  radiation  is  less  and  re¬ 
mains  more  nearly  constan*'  indicating  that  the 
source  is  further  under  the  lunar  surface.  Mea¬ 
surement  of  the  temperature  of  a  smooth  lake 
shows  it  to  appear  very  cold  when  viewed  from 
nearly  normal  incidence  because  the  sky  reflected 
in  the  lake  is  in  a  region  of  small  atmospheric 
attenuation.  However  only  a  slight  amount  of  wind 
roughness  of  the  surface  made  its  temperature 
look  much  warmer  because  the  incoming  waves 
came  from  angles  further  from  the  zenith. 

The  point  that  I  would  like  to  emphasize  is 
that  millimeter  radio  wave  propagation  is  not  an 
area  in  which  measurements  can  be  made  or 
results  predicted  with  a  high  degree  of  accuracy. 
Perhaps  this  meeting  w'ill  dispel  some  of  the 
uncertainty  that  exists. 
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ABSTRACT 


Rain  can  significantly  affect  the  opera¬ 
tion  of  active  or  passive  sensor  systems 
operating  within  10  to  100  GHz  or  higher 
frequencies.  Reasonable  models  are  available 
for  the  estimation  of  the  magnitude  of  the 
specific  attenuation  and  backscatter  cross 
section  per  unit  volume  produced  by  rain  of 
known  intensity.  Occurrence  prediction  models 
are  also  available.  Model  calculations  are 
presented  and  combined  with  observations. 

1.  INTRODUCTION 

Active  or  passive  observations  of  targets 
on  the  surface  of  the  earth  at  frequencies 
in  the  10  to  100  GHz  range  may  be  adversely 
affected  by  the  presence  of  rain  or  cloud  along 
the  observation  path,  in  the  vicinity  ot  the 
target,  or  above  the  target.  The  effects  of 
rain  or  cloud  on  system  performance  may  be 
simulated  given  the  characteristics  of  the 
system  and  models  for  attenuation  and  scatter¬ 
ing  by  the  rain.  The  validity  of  the  simulation 
results  depends  upon  the  veracity  of  the  rain 
or  cloud  model.  In  this  brief  report,  models 
for  prediction  of  attenuation  and  scattering 
by  rain  are  reviewed  and  compared  with  experi¬ 
mental  observations. 

Calculations  of  the  scattering  properties 
of  rain  drops  have  been  made  many  times  over 
the  past  four  decades.  The  results  of  these 
calculations  have  been  used  to  model  attenuation 
effects  for  radar  and  communication  systems 
and  to  calibrate  weather  radar  systems  for  use 
in  measuring  rainfall.  The  adequacy  of  the 
calculations  for  the  estimation  of  attenu¬ 
ation  over  a  wide  frequency  range  has  received 
considerable  attention.  Medhurst  (1965) 
reviewed  the  results  of  experiments  made  prior 
to  1964  and  concluded  that  the  measurements 
and  theory  did  not  agree.  He  suggested  that 
a  purely  empirical  approach  should  be  used  for 
the  estimation  of  specific  attenuation  at  a 
given  rain  rate.  deBettencourt '  (1974)  reviewed 
the  state  of  the  experimental  observations 
made  prior  to  1972  and  also  concluded  that 
an  empirical  procedure  should  be  used  for  the 


estimation  of  specific  attenuation  although 
he  could  not  find  conclusive  evidence  that 
the  theory  and  observations  disagreed.  Crane 
(1971,  1975)  and  Waldteufel  (1973)  reviewed 
the  available  data  and  reached  the  conclusion 
that  theory  and  observation  do  agree  and  that 
the  theoretical  relationship  between  specific 
attenuation  and  rain  rate  should  be  used;  they 
found  that  the  difficulties  lay  in  the  problems 
of  measuring  the  rainfall  intensity  along  a 
path.  Crane  (1974)  in  a  carefully  controlled 
experiment  showed  that  good  agreement  existed 
between  measurements  and  theory.  Joss  et  aL 
(1974)  reached  a  similar  conclusion  after 
careful  analysis  of  another  experiment.  Today, 
the  adequacy  of  model  computations  for  the 
estimation  of  specific  attenuation  for  a  given 
rainfall  rate  is  generally  accepted  for 
frequencies  below  40  GHz. 

A  similar  situation  exists  for  the  estima¬ 
tion  of  the  backscatter  cross  section  per  unit 
volume  (reflectivity)  for  a  given  rain  rate. 

At  frequencies  below  10  GHz,  the  adequacy 
of  the  theory  for  the  calculation  of  reflectivity 
is  well  established.  Uncertainties  in  the 
relationship  between  reflectivity  and 
rain  rate  are  due  primarily  to  uncertainties 
in  the  drop  size  distribution  that  should 
be  used  for  the  rain  filled  volume.  Secondary 
problems  exist  associated  with  the  drop  shape 
distribution  to  be  Used  but  the  corrections 
for  shape  are  generally  less  than  2  dB.  Crane 
(1978)  recently  reviewed  the  calibration  proce¬ 
dures  for  the  SPANDAR  S-band  radar  at  Wallops 
Island,  Virginia  and  found  that  with  a  good 
radar  calibration  procedure,  a  detailed 
knowledge  of  the  drop  size  distribution  and 
corrections  for  drop  shape,  radar  observations 
and  cross  section  estimates  based  on  rain  rate 
observations  agree  to  within  0.9  dB  rms.  The 
uncertainty  in  the  comparison  was  primarily 
associate:  with  difficulties  in  estimating  the 
rain  rate  for  comparison  with  the  radar  measure¬ 
ments. 

In  recent  years,  models  have  become  avail¬ 
able  for  the  statistical  prediction  of  the 
occurrence  and  severity  of  rain  effects.  Crane 
(1979)  has  developed  a  climatological  model 
using  rain  rate  ciimate  regions  for  the  world- 
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wide  analysis  of  rain  effects.  Comparisons 
between  the  global  model  predictions  and 
observations  result  in  rms  deviations  of  the 
observations  about  model  predictions  of  less 
than  30  percent  of  the  value  predicted  by  the 
model,  for  terrestrial  paths  up  to  60  km  in 
extent  at  11  GHz  and  up  to  7  km  in  extent 
at  36.5  GHz. 

Thus,  it  is  concluded  that  models  for 
the  prediction  of  rain  effects  are  well 
established  for  use  at  frequencies  below 
40  GHz.  At  higher  frequencies  the  possibility 
of  uncertainties  still  exists..  The  uncertainties 
are  primarily  associated  with  the  estimation  of 
the  size  distribution  of  rain  and  cloud 
particles  in  the  region  of  interest  and  are  not 
associated  with  theoretical  problems. 

2.  ATTENUATION  AND  SCATTERING  BY  RAIN 

2.1  Attenuation 

Model  calculations  for  specific  attenuation 
and  reflectivity  have  been  available  for  many 
years.  Crane  (1966)  made  a  series  of 
calculations  using  the  standard  assumptions: 
spherical  rain  drops  with  homogeneous  dielectric 
properties  distributed  in  space  in  accordance 
with  a  Poisson  process.  He  reported  the  results 
of  caluculations  made  for  35,  70,  and  94  GHz 
using  both  a  model  drop  size  distribution  and 
a  number  of  measured  distributions.  More 
recently,  Crane  (1977)  published  an  analysis 
of  the  sampling  errors  associated  with  drop 
size  measurements  which  showed  that  a  signifi¬ 
cant  fraction  of  the  spread  of  the  calculations 
for  individual  drop  size  distributions  about 
calculations  based  on  the  use  of  the  Laws  and 
Parsons  distributions  (Laws  and  Parsons,  1943) 
was  caused  by  sampling  effects. 

Calculations  of  specific  attenuation  and 
of  the  backscatter  cross  section  per  unit 
volume  are  presented  in  Figures  1  and  2  respect¬ 
ively,  for  two  model  distributions,  the  Laws 
and  Parsons  (L  6  P)  distributions  (Laws  and 
Parsons,  1943)  and  the  Marshall-Palmer  (M-P) 
distribution  (Marshall  and  Palmer,  1948).  The 
essential  difference  between  the  two  distribu¬ 
tions  is  in  the  number  of  small  drops,  the 
M-P  distribution  containing  significantly  more 
mall  drops  than  L&P.  The  results  of  the 
calculations  show  that  the  number  of  small  drops 
can  seriously  affect  the  estimate  of  attentuation 
at  frequencies  above  30  GHz  and  rain  rates 
above  10  mm/h. 

The  summary  of  observations  compiled  by 
deBettencourt  (1974)  shows  good  agreement 
between  the  theoretical  estimates  and  observa¬ 
tions  when  the  observations  are  culled  to 
remove  (1)  observations  made  prior  to  1950, 

(2)  observations  made  with  a  large  separation 
between  the  measurement  path  and  the  rain 
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Figure  1  One  Way  Specific  Attenuation 
vs  Frequency  for  Rain 
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Figure  2  Reflectivity  vs  Frequency  for  Rain 


gauges,  and  (3)  observations  with  known  diffi¬ 
culties  in  the  interpretation  of  the  rain  gauge 
data.  The  summary  figure  from  deBettencourt  is 
reproduced  in  Figure  3  together  with  the  recent 
published  measurements  of  Sander  (1975).  The 
questionable  <^ata  are  marked  by  (X) ,  the 
acceptable  data  by  (•) .  The  theoretical 
power  law  curve  was  based  on  a  regression  of 
a  large  number  of  calculations  based  upon 
individual  drop  size  distribution  measure¬ 
ments  reported  by  Crane  (1971) .  The 
theoretical  data  are  close  to  the  L&P  distri¬ 
bution  results.  The  k  and  b  coefficients  in 
the  power  law  relationship  between  specific 
attenuation  and  rain  rate  show  good  agree¬ 
ment  between  observations  and  theory  at 
frequencies  up  through  100  &Hz. 
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Coefficients  of  Power  Law  Relationship 
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Figure  3  Coefficients  of  Power  Law 

Relationships  Between  Specific 
Attenuation  and  Rain  Rate 


Multiwavelength  radar  measurements  by  the 
Ballistic  Research  Laboratories  (BRL)  at  McCoy 
AFB  in  Florida  show  a  similar  good  agreement 
between  measured  and  estimated  specific 
attenuation  values  at  both  70  and  95  GHz.  The 
raw  observations  obtained  from  Richard  and 
Kammerer  (1975)  together  with  the  theoretical 
calculations  made  using  both  the  L&P  and  M-P 
distributions  are  presented  in  Figure  4  for  70 
and  95  GHz.  With  the  exception  of  some 
apparently  spuriously  low  values  of  specific 
attenuation  at  rain  rates  between  1  and  10  mm/h, 
the  agreement  is  good.  The  data  were  obtained 
by  comparing  the  cross  section  of  a  corner 
reflector  observed  during  rainy  conditions  with 
the  cross  section  expected  in  the  absence  of 
rain.  Considering  that  the  rain  was  not  measured 
along  the  relatively  short  path  (450  m)  but  only 
at  the  target  and  that  the  measurements  depend 
upon  the  radar  calibration,  the  agreement  is 
excellent . 


a.  Observations  at  70  GHz 


b.  Observations  at  95  GHz 


Figure  4  Specific  Attenuation  Observations 


2,2  Backscatter 


Verv  little  data  exist  for  the  verification 
of  the  theory  for  the  estimation  of  the  back¬ 
scatter  cross  section  per  unit  volume  for 
frequencies  above  20  GHz.  However,  adequate 
checks  on  the  theory  have  been  made  at  lower 
frequencies  and  no  complications  exist  which 
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could  invalidate  the  theory  at  one  frequency 
after  it  has  been  validated  at  another.  The 
raultiwavelength  data  obtained  by  BkL  do  provide 
additional  evidence  and  support  for  the  theore¬ 
tical  calculations  at  higher  frequencies. 
Figures  3  and  6  provide  summaries  of  the  cross 
section  measurements  made  by  BRL  at  35,  .'0,  and 


95  GHz.  The  measurements  displayed  m  Figure  5 
are  reproduced  from  the  report  by  Richard  and 
Kammerer  (1975).  The  measurements  displayed 
in  Figure  6  are  reproduced  from  the  companion 
report  by  Currie  et  al. (1975).  The  two  sets  of 
figures  represent  two  different  analyses  of  the 
same  data. 
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Observations  at  35  GHz 


b.  Observations  at  70  GHz  c.  Observations  at  95  GHz 


Figure  5  Peak  Reflectivity  Observations 
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a.  Average  at  35  GHz 


b.  Average  at  70  GHz 


c.  Average  at  95  GHz 


Figure  6  Average  of  the  Logarithm  of  Reflectivity  Obtained  by  Currie  et  al. (1975) 


Richard  and  Kammerer  reduced  A-scope  photo¬ 
graph  data.  They  determined  the  peak  rain 
reflectivity  from  the  A-scope  data  using  the 
radar  returns  from  range  intervals  in  front 
of  and  behind  the  corner  reflector  and  reported 
the  peak  backscatter  cross  section  per  unj  c 
volume  for  the  range  to  the  corner  reflector. 
Precise  radar  calibration  and  attenuation  esti¬ 
mation  were  not  necessary  since  the  corner 
reflector  cross  section  value  was  corrected  for 
possible  rain  contamination  and  the  peak  rain 
cross  section  value  was  calculated  using  the 
known  cross  section  of  the  corner  reflector 
as  reference.  Processing  .'djuscment  should  be 
made  to  the  theoretical  calculations  prior  to 
comparison  with  the  observations  (as  indicated 
in  figure  5)  to  compensate  tor  the  use  of  the 
peak  value  instead  of  the  logarithm  of  the 
average  reflectivity  as  assumed  in  most  theore¬ 
tical  analyses.  The  unadjusted  L&P  curves  are 
also  presented  for  reference.  From  prior 
experience,  it  is  known  that  the  signal  return 
(pulse  to  pulse  variation!  from  rain  has  a 
Rayleigh  distribution  (Atlas,  1964).  The 
highest  signal  '"alue  from  50  independent  samples 
from  a  Rayleigh  process  is  6  dB  above  the  mean 
(for  a  linear  receiver,  e.g.  see  Crane,  1973). 
Since  roughly  50  independent  pulses  were 
sampled  ir.  the  process  of  detecting  the  peak 
value,  a  6  dB  adjustment  was  used  for  the 
theoretical  calculations  plotted  in  Figure  5. 
Richard  and  Kammeirer  experimentally  determined 
the  adjustment  to  be  5.9  dB. 

Tl-o  data  reported  by  Currie  et  ai,  (1975) 
were  obtained  from  the  same  set  of  measurements 
on  the  same  radars  as  the  BRL  results.  They 
used  magnetic  tape  recorded  A/D  output  from 
the  logarithmic  receiver  at  a  single  range 
gate  which,  could  be  moved  in  range.  In  post 
processing  analysis,  they  averaged  the  recorded 
output  and  converted  the  values  directly  to 
cross  section  per  unit  volume  estimates.  In 
transforming  to  ieflectivity  estimates  the 
path  attenuation  had  to  be  estimated  and  used 
to  correct  the  radar  observations.  They  used 
the  empirical  relationship  of  deBeltencourt 
1974)  and  the  measured  surface  rain  rate  values 
to  make  the  attenuation  estimates.  Since 
that  relationship  tends  to  overestimate  atten¬ 
uation  (see  Figure  3),  the  correction  will 
produce  reflectivity  estimates  that  are  too 
high  at  high  rain  rates.  This  tendency  is 
evident  in  their  data.  The  data  also  were  not 
adjusted  for  the  difference  between  the  average 
of  power  and  the  average  of  the  logarithm  of 
the  power  for  a  Rayleigh  process  (Atlas,  1964). 
This  last  adjustment  (2.5  dB)  has  been  included 
as  a  correction  to  the  theoretical  calculations 
in  Figure  6.  Since  the  data  reported  by  Currie 
et  al. require  both  precise  radar  calibration 
and  precise  attenuation  correction  (the  total 
attenuation  values  are  as  large  as  10  dB  two 
way  for  the  450  m  path  at  rain  rates  in 


excess  of  10  mm/h)  they  are  considered  to  be 
less  reliable  than  the  BRL  results  and  will 
not  be  considered  further. 

The  BRI.  measurements  (Figure  5)  are 
in  excellent  agreement  with  the  adjusted 
theoretical  calculations.  At  35  GHz,  the 
reported  least  square  fit  power  law  relation¬ 
ship  for  the  BRL  observations  is  within  2  dB 
of  the  adjusted  theoretical  calculations.  At 
95  GHz,  the  reported  least  square  fit  power 
law  lies  between  the  two  sets  of  adjusted 
theoretical  calculations  (L&P  and  M-P) .  It  is 
known  that  the  L&P  distributions  tend  to  under¬ 
estimate  the  number  of  small  drops  while  the 
M-P  distribution  tends  to  overestimate  the 
number  of  small  drops.  Based  on  expei  ience, 
the  observations  should  lie  between  the  two 
distributions.  However,  the  precision  of  the 
BRL  measurements  is  not  great  enough  to  select 
one  drop  size  distribution  model  over  the  other. 

A  careful  examination  of  the  available 
observations  is  sufficient  to  reveal  the 
veracity  of  the  theoretical  calculations. 
Insufficient  data  are  available  to  select  the 
best  drop  size  distribution  for  use  with  the 
theoretical  calculations.  Since  the  drop  size 
distribution  may  change  from  one  location  to 
another  depending  upon  the  existence  of  ice 
(or  snow)  aloft  in  a  storm,  rhe  relatively 
humidity  of  the  environment  surrounding  the 
falling  drops,  and  the  presence  of  low  level 
clouds  or  fog,  tl>e  establishment  of  the  appro¬ 
priate  dropsize  itribution  is  a  meteoro¬ 
logical  problem,  ;  a  question  of  the  adequacy 
of  the  theoretical  model. 

3.  PREDICTION  OF  THE  DISTRIBUTION  OF 

ATTENUATION  OF  BACKSCATTER  CROSS  SECTION 

Crane  (1979)  has  developed  a  global  model 
for  the  prediction  of  attenuation.  The  model 
is  briefly  reviewed  in  this  section  and  a 
procedure  is  recommended  for  the  estimation  of 
the  back  scatter  cross  section.  The  occurrence 
of  rain  is  characterized  by  an  expected  annual 
rain  rate  distribution.  The  distribution 
depends  upon  the  geographic  location  as  depicted 
in  Figure  7.  The  expected  rain  rate  distributions 
are  depicted  in  Figure  8. 

The  attenuation  along  a  terrestrial  path  is 
calculated  using  rain  rate  at  the  desired 
percentage  of  the  year  (from  Figure  8), 
the  patli  length,  D,  and  the  coefficients  of  the 
power  law  relationship  between  specific 
attenuation  and  rain  rate  for  the  frequency  of 
interest  (k  and  b  of  Figure  3;  see  Olsen 
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et  al*>1978).  The  attenuation  is  given  by: 


u  =  ln(  v  e  ) 
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where: 

A  is  attenuation  (dB) 

R  is  point  rain  rate  (from  Fig.  8) 
k,b  are  specific  attenuation  vs  rain  rate 
coefficients 
D  is  path  length 

and  u,v,c,d  are  empirical  constants 
depending  only  on  rain  rate. 


d  =  3.8  -  0.6  In  R 

If  D  is  greater  than  22.5  km,  the  value  22.5 
km  should  be  used  in  the  calculation  of  attenu¬ 
ation  together  with  an  adjusted  rain  rate,  value 
R',  found  by  er.cering  Figure  8  at  an  adjusted 
probability  of  occurrence  R'  =  P  f  22  ■  6~\  where 
P  is  the  probability  of  \  D  J 

occurrence  of  interest. 
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Figure  8  Point  Rain  Rate  Distributions 
for  Climate  Regions  A  to  l! 


Observations  are  in  reasonable  agreement 
with  this  prediction  model  as  indicated  in 
Figure  9  (taken  from  Harden  et  al.,1978).  Two 
model  curves  are  presented,  one  for  the  region 
C  model  rain  rate  distribution  and  the  other 
fox  the  average  rain  rate  distribution  over  the 
geographic  region  of  the  observations  (England). 
At  11  GHz,  excellent  agreement  is  evident.  At 
36.5  GHz,  agreement  is  evident  for  path  lengths 
less  than  7  km.  It  is  believed  that  equipment 
dynamic  range  limitations  may  be  important  at 
the  longer  path  lengths. 

Backscatter  cross  section  estimates  require 
botii  the  prediction  of  attenuation  along  the 
path  and  the  estimation  of  the  scattering  cross 
section  at  an  endpoint  of  the  path.  The  model 
used  to  calculate  attenuation  by  rain  includes 
a  model  to  estimate  the  rain  rate  or  attenuation 
along  the  path  given  the  rain  rate  at  one 
endpoint  of  the  path.  For  application  to  the 
preparation  of  cross  section  estimates,  the 
rain  rate  is  obtained  for  desired  probability 
of  occurrence  from  Figure  8  and  used  to  obtain 
the  scattering  cross  section  per  unit  volume 
(by  interpolation  in  Figure  2)  and  the  attenu¬ 
ation  to  be  expected  simultaneously  between  the 


radar  and  the  scattering  volume  using  equation 
1.  In  using  equation  3 ,  D  is  the  range  to  the 
target.  If  D  >  22.5  km,  use  22.5  km  for  D  but 
do  not  adjust  the  rain  rate  as  explained  above. 

4.  CONCLUSIONS 

A  model  has  been  presented  for  the  calcu¬ 
lation  of  attenuation  and  for  the  calculation 
of  scattering  cross  section  per  unit  volume 
and  the  attenuation  to  be  simultaneously  expected 
along  the  path  to  the  radar.  For  frequencies 
below  40  GHz,  the  model  predictions  are  in 
agreement  with  available  observations.  For 
frequencies  above  40  GHz  agreement  is  still 
evident  but  some  uncertainty  exists  as  to  the 
best  drop  size  distribution  to  be  used  for 
studying  either  the  specific  attention  or  the 
backscatter  cross  section  unit  volume.  The 
model  provides  estimates  which  fall  within 
the  scatter  of  the  observations  at  the  higher 
frequencies  (above  40  GHz)  but  insufficient 
measurements  are  available  to  reduce  the 
scatter  enough  to  select  the  best  drop  size 
distribution  model. 
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ir'RRAIi:  liiTERACTI  0:iS  AT  MICROWAVE  FREQUEHClEi 
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U.  3.  Arr.y  Engineer  waterways  Experimeri 
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The  sensitivity  of  ~ icrovave  measurements 
to  environmental  conditions  has  been  documented 
many  tines  and  aas  often  been  the  limiting  con¬ 
dition  for  operation  of  various  radio  equip¬ 
ment.  In  the  '"use  of  early  radar  studies, 
considerable  fork  was  conducted  towards  im¬ 
proving  detection  of  military  targets  and  de¬ 
creasing  sensitivity  to  background  or  surface 
"clutter."  More  recently,  the  surface  itself 
has  beer,  considered  to  be  an  important  target 
because  of  tne  applications  to  monitoring  the 
character  of  lar.u  use,  changes  in  the  surface 
of  the  ocean,  and  various  other  quantities  of 
economic  significance. 

A  summary  is  presented  of  one  such  effort 
in  defining  the  ability  of  microwave  systems 
operating  in  pulsed-  and  continuous-wave  modes 
to  rapidly  acquire  terrain  data  through  non- 
contact  measurements.  These  studies  consist ea 
of  analysis  of  both  laboratory  and  field  meas¬ 
urements  of  terrain  materials  and  included  the 
use  of  computer  models  to  extrapolate  the  re¬ 
sults  still  further.  Test  results,  usir.z 
swept- frequency  radar  measurements  as  examples, 
indicate  that  estimates  car.  be  made  o'-  power 
reflections  from  the  surface  of  layered  mate¬ 
rials  and  that  the  amplitude  of  the  suosurfacc 
contributions  car.  be  determined.  Also,  inter¬ 
ference  patterns,  produced  in  the  power  re¬ 
flection  curves,  cam.  be  used  to*  calculate  the 
thickness  of  each  layer  of  the  structure. 

1.  INTRODUCTION 

Quantitative  terrain  information  is  re¬ 
quired  in  many  mapping  studies  for  the  Army. 
Uncalibrated  radar  systems  have  bee:,  used  to 
great  advantage  in  gathering  data  that  can  be 
interpreted  to  give  relative  or  qualitative 
descriptions  about  the  earth's  surface  ccr.di- 
ticts,  but,  without  considerable  ground  truth 
support,  the  accuracy  and  resolution  of  such 
data  are  normally  low.  Tne  ability  to  pene¬ 
trate  atmcrpr.es  ic  r.ar.e  ard  Clouds,  operate  at 
any  siour  ot  the  day,  nr. s  r ever. ..  geologic  -de¬ 
tail  not  ooserv-.  i  by  visual  sensor  system.;  has 
generated  cor.r.iceratle  interest  in  the  use  of 
active  microwave  m*  » carer  onto  for  soil  char¬ 
acteristics.  The  soil  characteristics  which 
are  usually  selected  fer  investigation  are: 

(a)  soil  physical  properties  ,e.g.  type,  mois¬ 
ture  content,  density,  etc.);  I'r  *  surface  and 
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subsurface  itructure;  and  (c)  spatial  and 
emporal  distribution  of  the  properties.  In 
studies  at  the  U.3.  Army  Engineer  Waterways 
Experiment  Station  ( Vrl'3 ) ,  emphasis  was  placed 
on  requirements  to  define  direct  relationships 
between  microwave  measurements  and  terrain 
properties  that  could  be  further  exploited  in 
noncontact,  nondestructive  remote  sensing 
surveys.  Three  investigations  conducted  at 
WES  will  be  described  ir.  this  paper:  (a)  ra¬ 
dar  responses  to  laboratory-prepared  samples 
of  terrain  materials;  b)  swept-frequency  ra¬ 
dar  measurements  of  terrain  materials;  and 
(e)  mathematical  models  for  feasibility  stud¬ 
ies  and  for  improvement  of  data  analysis 
procedures. 

2.  LABORATORY  STUDIES  OK  RADAR  RESPONSES 

Laboratory  measurements  at  WES  have  been 
made  or.  soils  and  vegetation  to  determine 
their  electrical  properties  at  F-,  L-,  C-,  X-, 
and  Ka-band  frequencies  (297  Mir.  to  35  GHz 5 
(Lundier.  1966,  Lundier.  1971).  The  measure¬ 
ments  at  ?-,  C-,  X— ,  and  Ka-har.ds  were  con¬ 
ducted  in  an  outdoor  zest  facility  shown  ir. 
Figure  1. 


I 

ir®- 


dWk 


an 


.ne  principal  parts  cs  the  facility  were  tne 
wooden  arch,  structure,  the  arcer.na  carriage, 
and  the  instrument  control  ream.  Measurements 
with  the  f cur-band  radar  sy=*em  z  unted  or.  the 
back  of  the  antenna  carriage  were  made  on  test 
materials  (soils  a,.d  vegetation)  positioned  ir. 
the  center  cf  the  arch.  Ki« rewave  absorbent 
materials  were  r, laced  on  the  sample  holder  ana 
the  surrounding  area  to  ensure  that  radar 
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Figure  7 *  Effect  of  vater  content 
on  relative  dielectric 
ccr.sear.t .  Sand,  silt  and 
clay  soils  measured  a';  a 
frequency  of  1.37-  3Hz. 

nigh  pari  of  tr.e  curve,  and  the  silt  soils  are 
intermediate.  This  effect  may  be  partially 
caused  by  the  manner  in  which  water  is  held  ir. 
these  soils  instead  of  tne  soil  type  itself. 
Some  of  the  wafer  in  a  soil  is  noli  directly 
on  the  surface  of  tne  soil  particles  , absorbed! 
ir.  a  physical  state  different  from  that  of 
liquid  water  or  free  water  held  in  the  spaces 
between  the  particles.  The  absorbed  wafer  has 
a  relative  dielectric  constant  that  is  such 
less  than  that  of  free  water;  thus,  soils  with 
small  particles  (large  surface  areas  with  cor¬ 
respondingly  largo  amounts  of  absorbed  water) 
have  relative  dielectric  constants  less  than 
soils  with  large  particles  (smaller  surface 
areas  with  correspondingly  less  amounts  of 
absorbed  water. 

Although  t’-  a  test  results  indicated  that 
standard  single  -  -equency  radar  systems  are 
nof  gsr.firallv  suitable  fer  d.'rccvly  octaiiiir.^ 
quantitative  information  on  tne  electrical 
prepare.4 of  target  materials,  the  informa¬ 
tion  required  fer  su^h  calculations  mav  be 
obtained  from  m-asur<mcnts  with  specially  de¬ 
signed  microwave  systems  (such  as  the  swop t- 
frequency  radar  system).  Further,  the  elec¬ 
trical  properties  were  found  to  be  strongly 

to  the  tyne  of  scii. 

A  simplified  block  -diagram  of  a  svept- 

of  a  signal  oscillator  that  can  be  varied  ir. 
frequency.  The  transmitter  signal  directed 
through  the  transmitting  antenna  down  to  the 
surface  of  tne  target  where  it  is  partially 
isi.Iv  tfsr.a”!  T«»c 

velocity  of  the  signal  that  is  transmitted 
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Figure  5.  Simplified  block  disgr 
for  swept-frequency  ra 
system. 

i:  to  the  target  material  decreases  so 
ve  lorirvh  becomes  shorter  in  yh.6  tsr 
material  than  it  is  in  air.  The  signal  con¬ 
tinues  to  travel  in  the  target  material  un¬ 
til  it  strikes  another  interface  between  mate¬ 
rials  whose  electrical  properties  contrast. 

It  again  is  partially  reflected  and  partially 
transmitted  and  continues  cn  in  that  manner  ir.- 
aefir.itely  (though  greatly  attenuated).  The 
reflected  waves  frem  the  surface  and  subsurface 
interfaces  combine  vectorialiy  as  they  travel 
back  to  the  receiving  anter.na,  the  signal  is 
then  amplified  in  the  wide  band  receiver,  and 
the  output  car.  be  displayed  as  a  function  of 
frequency.  If  the  subsurface  reflection  com¬ 
bines  out  of  phase  with  the  surface  reflection, 
an  amplitude  subtraction  results,  ana  the  net 
return  to  the  receiver  is  a  minimum.  If  either 
the  frequency  or  the  sample  depth  is  varied 
slightly,  the  wave  amplitudes  can  add  ; 
return  to  the  receive*-  would  be  a  maxi; 
frequencies  above  a  few  honored  megahe 
imaginary  part  of  the  relative  dielect: 

,'tar.t  for  most  terrain  materials  is  sm 
therefore,  an  estimate  for  the  real  pa 
relative  dielectric  constant  can  b 
;  -ted  from  the  power  reflectance  value 
Figure  ?  shows  the  swept-frequenc; 
system  in  operation  at  KFS  'T.undiea  15 

ried  or.  three  trucks.  The  sn'tsuna  sys 
sists  oT  tve  (iiiter.rs  rsi rs  *  vbo 
r.as  were  used  to  transmit  and  receive 
frequencies  o*’  ?5(  to  -CSC  KHz,  and  th 
sr.tc-nnas  were  used  to  transmit  and  receive 
the  frequencies  of  --0CC  to  6r:0A  kHz.  - 
sitir-n  of  the  ar.tenr.as  could  be  centra 
from  the  instrument  van  by  electric  mo 
mounted  on  the  end  of  a  nydraulic  boom 

tror.ic  equipment  (i.e.  signal  oocillat 
amplifiers,  the  analog-tc— digital  ccr.v 
ana  the  digital  recording  equipment). 

A  series  of  measurements  with  the 
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microwave  systems  were  selected  to  emphasize 
penetration  into  the  layered  materials  and 
ranged  from  tens  of  millimeters  to  hundreds 
of  millimeters.  Radar  systems  operating  at 
these  wavelengths  and  using  swept-frequency 
techniques  for  processing  signals  car  he  usea 
to  measure  reflectivity  and  optical  thickness 
of  layered  media,  thus  providing  a  means  for 
estimating  the  dielectric  constant  and  the 
physical  thickness  of  the  layers.  Swept- 
frequency  radar  measurements  were  also  found 
to  vary  with  the  surface  roughness  of  the 
ground  in  a  predictable  manner  and  thus  may 
offer  the  means  to  separate  the  effects  of 
target  geometry  from  the  measurements  of  elec¬ 
trical  properties. 


Figure  12.  Comparison  of  predicted  and  measured 
reflection  curves  for  asphalt  highway. 
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Figure  11.  Power  reflectance  curves 
for  railroad  foundations. 
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5 .  SUMMARY 

Because  of  the  interest  is.  surface  and 
subsurface  terrain  conditions  for  these  in¬ 
vestigations,  the  ■  .velengths  used  in  the 
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ABSTRACT* 


1.  INTRODUCTION 

Molecular  resonances  of  oxygen  and  water 
vapor  make  clear,  non-rurbulent  air  a  natural 
filter  over  the  EHF  (10-300  GHz)  range  with  trans¬ 
fer,  shielding,  and  emission  properties  not  found 
at  tower  frequencies.  Dispersive  absorption 
causes  attenuation,  signal  transit  time  varia¬ 
tion,  and  background  noise  affecting  slgnal-to- 
noise  ratios,  phase,  and  direction  of  ray  propa¬ 
gation.  The  application  of  these  effects  in  ap¬ 
propriate  engineering  problems  is  facilitated  with 
the  advent  of  modern  digital  computers  which  allow 
the  latest  physical  theories  to  be  applied  to  aid 
in  the  design  of  EHF  systems. 

Computer  simulation  of  atmospheric  trans¬ 
fer  properties  requires  an  accurate  correlation 
between  the  physical  state  and  the  electromagnetic 
characteristics  of  the  medium.  One  approach, 
employed  here,  is  to  translate  Che  pertinent  re¬ 
sults  of  microwave  molecular  spectroscopy  into  a 
tractable  form  which,  in  turn,  is  used  to  calcu¬ 
late  attenuation,  phase  dispersion,  and  noise  for 
modeled  radio  paths  in  the  clear  atmosphere.  The 
complex  refractivity  N  (in  parts  per  million)  de¬ 
scribes  the  interaction  between  millimeter  waves 
and  atmospheric  molecules  such  ns  0,  and  HO. 

The  spectroscopic  basis  for  calculating 
N  is  presented  by  Liebe  (1977)  and  Rosenkranz 
(1975).  Various  trace  gases  will  not  be  consi¬ 
dered  in  this  general  paper.  Once  N  is  obtained, 
a  ray  tracing  methodology  simulates  the  determi¬ 
nistic  aspects  of  EHF  signal  propagation. 


refractivity  of  moist  air,  N  is  the  (complex) 
dispersive  refractivity  due  Eo^oxygcr,  absorpLion, 
and  N  is  the  (complex)  water  vapor  refractivity. 
The  dispersive  contributions  are  calculated  by 
Liebe' s  formulation  (1977)  which  includes  line 
broadening  by  foreign  gases  and  also  has  Zeeman 
and  Doppler  broadening  approximated.  The  non- 
dlspersive  part  is  calculated  by  the  formula  of 
Thayer  (  1974)  and  has  corrections  for  non-ideal 
gas  behavior. 

Vertical  profiles  of  atmospheric  temperature, 
pressure,  and  water  vapor  content,  as  obtained 
from,  for  example,  standard  references  or  balloon 
ascent),  are  used  in  conjunction  with  the  formu¬ 
lation  for  N  to  obtain  profiles  of  the  complex 
refractive  index.  Figure  1  shows  attenuation 


figure  1.  Attenuation  Due  to  Molecular  Oxygen 
and  Water  Vapor 


2 .  METHODS 

It  is  assumed  that  ray  tracing  theory  is 
applicable  to  the  simulation  of  the  cffeccs  of 
clear  air  on  signals  between  10  and  300  Gllz. 

Only  ci tiTT.ocphcr i c  char  octet*  is tics  aro  involved, 
so  no  edge  diffraction,  surface  reflections,  or 
hardware  effects  are  included.  The  frequency 
range  is  restricted  since  below  about  10  GHz  the 
lower  atmosphere  has  little  effect  but  the  iono¬ 
sphere  may  cause  changes  in  signal  direction, 
strength,  and  polarization.  Coupling  between 
environmental  conditions  and  the  mathematical 
formalism  is  through  the  complex  refractivity 


where  Nq  is  the  (real)  frequency- independent 

■* ABSTRACT  is  at  the  end  of  the  paper.  Author 
did  not  comply  with  tenant. 


(imaginary  part  of  N,  1m  (N))  at  57,  60,  and  63 
GHz  through  a  standard  atmosphere.  Figure  2 
shows  the  real  part  of  N,  Re  (N) ,  expressed  as 


Figure  2.  Phase  Dispersion  Duo  to  Oxygen 
and  Water  Vapor 
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phase  dispersion.  Although  60  Gilt  attenuation 
predominates  in  the  lower  atmosphere,  the  reduced 
pressure  above  20  km  causes  tine  collapse,  re¬ 
sulting  in  relatively  small  attenuation,  liy  con¬ 
trast,  57  and  63  GHz  are  close  to  absorption  line 
centers  which  entails  the  continuing  attenuation 
at  these  frequencies.  This  effect  offers  the  pos¬ 
sibility  of  selective  shielding  by  the  atmosphere. 


In  order  to  blend  the  complex  refractive 


index  profiles  into  a  ray 
additional  points  must  be 
leal  form  of  Snell's  I, aw  ; 
curved  ray  path  length  as 


tracing  program,  several 
considered.  The  spher¬ 
ic  Ids  an  expression  for 

f~n  (h  )  (r+h  ) 

Lrn^y  (r°  +  i'J> 


where  9  is  the  ray  elevation  angle  at  the  initial 
height  fi  and  ( 

0  n  (h)  =  1  10  Re  (N(h)) . 

Evaluation  of  S(9  ,  h)  at  points  between  consecu¬ 
tive  reporting  alPitudes  is  accomplished  by  first 
interpolating  the  (real)  refractive  index  n  (It). 
Although  several  interpolation  methods  are  widely 
used  (e.g.,  linear  or  exponential),  a  method  based 
on  the  gas  law  and  the  hydrostatic  equation 
(Hopfleld,  1969)  is  adopted  since  it  is  derived 
from  physical  principles.  Interpolation  of  tem¬ 
perature  and  attenuation  between  data  points  is 
done  linearly.  For  small  values  of  9  (less  than 
one  degree)  the  expression  for  S  (9  ,  h)  becomes 
numerically  unstable  but  can  be  approximated  oy 
a  closed-form  quadratic  expression  similar  to 
that  given  by  Blake  (1968). 


The  interpolation  methods  above  are  incor¬ 
porated  into  a  computer  program  to  evaluate  such 
quantities  as 

f"  S  (9  ,  h)  dll  (ray  path  length), 

JO  o 

n  (h)  S  (9  ,  hi  dh  (radio  range),  and 
o  o 

J"  0\(h)  S  (9  ,  h)  dh  (attenuation),  where 
o  o 

<X(h)  is  power  attenuation. 


Hero  H  is  taken  to  be  80  km  Instead  ofOOas  the 
contribution  of  the  atmosphere  above  this  level 
is  very  small.  The  noise  temperature  due  to  radi¬ 
ation  downwelling  to  the  Earth's  surface  along  a 

rav  of  elevation  9  is 
o 

T  =  fH  <X(h)  T  (h)  T  (h)  S  (9  ,  h)  dh 
D  J  O  D  O 

where  TQ  (h)  =  exp  (-J*^  0<(t)  S  (9q,  t)  dt). 
Radiation  upwelling  to  a  height  K  yields  a  noise 
temperature 

T„  =  f  «(1.)  T  (h)  T  (h)  S  (e  h)  dh, 

U  V  O  U  O 

where  Ty  (hi  =  exp  (-  j|^o<(t)  S  (9q,  t)  dt). 


All  Integrals  may  be  evaluated  numerically  by 
adaptive  Romberg  integration,  which  shifts  to 
higher  order  methods  to  accelerate  convergence. 

To  facilitate  computing,  special  numerical  methods 
can  be  devised  to  greatly  reduce  the  time  required 
in  obtaining  both  and  Ty.  The  resulting  ray 
trace  program  proceeds  in  a  surface-co-space 
fashion  and  provides  Information  useful  to  EHF 
system  design. 

3.  RESULTS 

Computer  ray  tracing  with  a  vertical  ray 
path  through  standard  summer  and  winter  atmospheres 
reveals  the  seasonal  variation  of  attenuation 
shown  in  Figure  3.  The  shaded  window  regions 
exhibit  less  change  than  the  narrow  absorption 
bands  where  attenuation  may  vary  over  30  dB,  The 


Figure  3.  Ciear  Air  Attenuation 

crossover  in  the  60  GHz  band  (which  is  taken  to 
include  the  isolated  1  line  at  118.75  GHz)  re¬ 
flects  an  intricate  temperature  dependence.  The 
behavior  around  60  GHz  is  exemplified  by  the  two 
inserts,  the  bottom  one  showing  phase  dispersion, 
but  is  not  calculated  owing  to  the  number  of  addi¬ 
tional  computations  required. 

The  effect  of  dispersion  on  ray  bending  and 
phase  delay  is  most  pronounced  at  low  elevation 
angles  and  is  shown  in  Figure  4  for  0  and  45  . 


H'l'iOUWlOM  )V*«1  1*1-  .llnh.  IV.l)  >  P  ii,Ih  9  .11 


Figure  4.  Effect  of  Dispersion  in  Rcfractivity 
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Radio  range  was  computed  both  with  and  without 
dispersion:  the  difference  is  plotted  as  a  func¬ 
tion  of  altitude.  As  suggested  by  the  lower  in¬ 
sert  of  Figure  3,  the  dispersive  effect  at  57  and 
63  GHz  is  much  more  in  evidence  than  at  60  GHz, 
which  is  approximated  by  the  straight  line  through 
the  center  of  the  chart.  The  wavelengths  are 
roughly  5  mm,  so  the  range  difference  is  rela¬ 
tively  large. 

Noise  temperature  due  to  atmospheric  emission 
is  a  consideration  in  determining  overall  signal- 
to-noise  ratio  of  millimeter  wave  systems  oper¬ 
ating  through  air.  Figure  5  shows  an  extreme  sea¬ 
sonal  variation  of  noise  temperature  due  to  radia¬ 
tion  upwelling  along  a  vertical  ground-to-space 
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Figure  5.  Noise  Temperature  for  a  Tropical 
and  Subarctic  Atmosphere 

path.  Surface  contributions,  which  may  appear 
in  the  window  regions,  are  not  included.  Although 
the  strong  absorption  regions  show  little  seasonal 
change,  the  other  bands  may  show  changes  exceeding 
70  ke Ivins. 

Downwelling  radiation  yields  nearly  the  same 
noise  temperature  as  upwelling  radiation,  except 
when  absorption  is  strong  as  shown  in  Figure  6. 


Figure  6.  Noise  Temperature  for  a  Winter 
Atmosphere 

When  atmospheric  penetration  is  limited,  the  noise 
detected  by  a  ground-based  antenna  is  roughly 


proportional  to  ambient  air  temperature. 
rlgures  3,  5  and  6  can  be  used  for  a  coarse 
approximation  to  the  effect  of  the  atmosphere 
on  annual,  vertical,  earth-to-satellite  link 
performance. 

4.  CONCLUSIONS 

Molecular  absorption  by  atmospheric 
gases  poses  an  ever-present  constraint  on  the 
design  of  systems  in  the  10-300  GHz  band. 

Transfer  and  emission  characteristics  can  be 
predicted  from  profiles  of  meterological  data. 
Accurate  computer  calculations  of  radio  wave 
propagation  effects  require  a  sound  basis  in 
physical  theory,  laboratory  verification,  and 
numerical  methods.  The  major  uncertainties 
for  predicting  system  performance  lie  in  the 
variable  nature  of  the  air  mass  in  general  and 
also  in  anomalous  water  vapor  absorption  in 
the  window  regions . 
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ABSTRACT 

Design  of  millimeter  wave  systems  is  facili¬ 
tated  by  computer  simulation  of  the  atmosphere’s 
contribution  to  signal  attenuation,  phase  delay, 
dispersive  ray  bending,  a..--  noise  temperature. 

The  discussion  begins  with  the  complex  refractive 
index  of  air,  which  couples  the  mathematical 
formalism  to  the  assumed  physical  environment, 
and  proceeds  to  the  integral  expressions  for 
curved  path  length,  radio  range,  cumulative  atten¬ 
uation,  and  noise  temperature  due  to  upwelling 
and  downwelling  atmospheric  emission.  Numerical 
methods  pertinent  to  the  evaluation  of  these  in- 
tergrals  are  described.  The  overall  methodology 
of  the  ray  tracing  computer  program  permits  use 
of  actual  air  data  as  well  as  standard  atmos¬ 
pheric  models,  and  models  propagation  through  in¬ 
homogeneous  clouds.  Results  are  presented  on 
seasonal  variation  of  attenuation,  the  etfect  of 
dispersion  in  refractivity,  comparison  of  upwell¬ 
ing  and  downwelling  noise  temperatures,  and  the 
effect  of  climatic  extremes  on  noise  temperature 
at  several  viewing  angles. 
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K20  NEAR  MILLIMETER  ABSORPTION:  THE  EFFECTS 
OF  LINE  SHAPE  VARIATIONS 


Dr.  Douglas  R.  Brown  anti  Donald  E.  Snider 
US  Ar.ny  Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range,  New  Mexico 


ABSTRACT 

The  fundamental  atmospheric  attenuator 
in  the  NMMW  domain  is  water  vapor.  The 
laboratory  H20  NMMW  absorption  spectrum 
contains  an  anomalous  component  variously 
ascribed  to  far  line  wings,  water  dimers, 
or  water  clusters.  Statistical  line 
broadening  theory  argues  for  the  modifi¬ 
cation  of  traditional  line  shapes.  We 
introduce  the  Super  Kinetic  line  profile 
to  incorporate  the  results  of  statistical 
line  broadening  theory,  and  demonstrate 
a  possible  resolution  of  the  NMMW  H20 
spectrum  anomaly. 

As  has  been  known  for  some  time,  the  use 
of  standard  theoretical  techniques  to 
compute  near  millimeter  HjO  vapor  absorp¬ 
tion  gives  results  which  do  not  agree 
with  experimental  measurements  in  the 
psuedo  windows  between  strong  H20 
lines:  the  measurements  arc  consistently 
higher  than  the  predictions  of  theory 
(Burch,  1968).  This  discrepancy  has 
been  ascribed  to  poorly  known  line 
widths  (Frenkel  &  Woods,  1966),  far  line 
wing  contributions  ignored  In  the  compu¬ 
tation,  dimers  (Gebbie  et  al.,  1968), 
water  clusters  (Liebe,  1979),  and  various 
induced  dipole  effects  (Waters,  1976). 

We  will  briefly  present  our  reasons 
for  believing  a  natural  modification  of 
the  standard  theoretical  approach  for 
computing  water  vapor  absorption  provides 
marked  improvement  in  comparison  to 
experimental  data. 

1.  GASEOUS  ABSORPTION  COEFFICIENT 

The  gaseous  absorption  coefficient 
for  a  single  line  can  be  defined  for  our 


purposes  as  the  product  of  three  factors, 

k(v)  =  Line  Strength  x  Number  Density  x 
Line  Profile  (v)  (1) 

=  S  x  N  x  4>  (v) 

where  the  frequency  dependence  has  been 
confined  to  the  line  profile  function 
<{>(v).  I”  general,  the  line  strength  S 
depends  primarily  on  the  molecular  model 
including  such  quantities  as  the  dipole 
moment,  the  energy  levels  of  the  line  in 
question  and  the  molecular  partition 
function.  The  line  strength  can  be 
measured  quite  accurately  and  theory  and 
experiment  are  in  good  agreement.  The 
number  density,  N,  depends  for  the  most 
part  on  environmental  factors  such  as 
temperature  and  pressure,  once  the  basic 
active  constituent  has  been  fixed.  The 
line  profile  function,  <5(v)  is  a  statis¬ 
tical  quantity  describing  the  average 
distribution  in  frequency  of  the  photons 
absorbed  by  the  active  gas.  As  such,  it 
is  a  potentiallj  complicated  function  of 
the  molecular  model  and  the  collision 
process. 

In  our  review  of  the  H20  vapor 
absorption  problem  it  was  the  line 
profile  that  we  were  led  to  consider  as 
a  possible  source  of  error  in  'theoretical 
computations.  The  use  of  different  line 
profiles,  such  as  Van  Vleck  &  Weisskopf 
(Van  Vleck  &  Weisskopf,  1945)  or  the 
Gross  (Gross,  1955)  line  profile,  provide 
different  predicted  absorption  and  thus 
the  theory  -  measurement  discrepancy 
also  varies.  ,  There  further  appears  to 
be  no  foundation  for  either  to  be 
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selected  as  the  "correct"  profile  for 
HaO  vapor  line  shapes.  A  similar 
discrepancy  exists  in  the  infrared 
domain  in  the  8  to  12  micron,  and  3.5  lo 
5  micron  window  where  H2O  associated 
absorption  cannot  yet  be  predicted  by 
theory.  The  existence  of  a  similar 
discrepancy  in  two  widely  separated 
domains  where  theory  cannot  predict  H2O 
vapor  band  absorption  in  windows  near 
ii20  vapor  band  absorption  is  at  the 
least  a  remarkable  coincidence.  We 
believe  that  it  might  be  more  than  that, 
rather  that  a  similar  mechanism  is 
responsible,  in  part,  for  both. 

2.  LINE  PROFILE  DERIVATIONS 

The  two  profiles  commonly  employed 
in  the  calculation  of  molecular  milli¬ 
meter  absorption  are  the  Van  Vleck  & 
Weisskopf  (VVW)  profile  and  the  Gross 
thenceforth  termed  the  Kinetic)  profile, 
’.he  derivations  of  these  profiles  are 
fundamentally  analogous.  Each  is  based 
upon  classical  principles  of  one  dimen¬ 
sional  harmonic  oscillators,  interacting 
with  a  spatially  uniform  time  varying 
electric  field.  The  differences  between 
the  two  are  primarily  due  to  the  assump¬ 
tions  as  to  which  final  state  the 
perturbed  oscillators  are  allowed  to 
relax,  and  how  that  relaxation  is  allowed 
to  occur.  Gross  in  his  derivation 
employs  a  kinetic  equation  to  solve  for 
the  absorption,  while  VanVleck  and 
Weisskopf  solve  the  osciilatot  equation 
itself.  The  resulting  expressions  are 
then  quantized  to  provide  the  actual 
profile  functions. 

lmpl. .it  assumptions  have  been  made 
in  these  derivations  that  have  become 
clear  as  collision  theory  has  grown 
(Griem,  1974;  Breene,  1961).  These 
profiles  are  now  included  within  the 
class  using  the  Impact  Approximation. 
Within  this  approximation  the  lollowing 
assumptions  are  made:  a)  that  all 
collisions  are  instantaneous,  and  b) 
that  only  binary  collisions  occur,  that 
is  the  molecule  collides  with  only  one 
perturber  at  a  time.  The  resulting  line 
profile  is  not  sensitive  to  the  detailed 


collision  physics  and  is  therefore 
independent  of  the  collision  forces. 

The  impact  approximation  confines  the 
primary  effects  of  changes  in  the 
collision  environment  to  the  line  width 
parameter  and  the  line  shift.  It  should 
be  noted  that  quantum  mechanical  treat¬ 
ment  of  the  collision  process  made  using 
the  assumptions  of  the  impact  approxi¬ 
mation  do  not  change  the  resulting  line 
profile;  they  do  provide  a  better  value 
for  the  line  width  and  line  shift 
parameters. 

The  Impact  Theory  domain  can  be 
best  summarized  by  considering  the 
collision  time  t  versus  the  radiation 
time  t  .  In  general,  the  impact 
approximation  requires 

t  «t  (2) 

c  R 

that  is,  the  collision  itself  occurs 
during  only  a  small  int-rval  during  the 
radiation  of  a  photon.  When  this 
condition  is  violated,  the  impact  theory 
will  not  apply,  f-incc  t  =  Av_1  where 
Av  is  the  frequency  shift  from  line 
center,  eventually  for  Av  large  enough, 

t„  will  be  less  than  t  and  we  must 
R  c 

consider  the  time  evolution  of  the 

collision. 

When  this  situation  occurs  the  statisti¬ 
cal  approximation  holds.  The  theory  now 
must  consider  the  collision  with  an 
ensemble  of  perturbers,  occur-ing  over  a 
finite,  that  is  extended  interaction 
Lime.  The  specific  form  of  the  inter¬ 
action  potential  becomes  important  in 
this  description,  as  the  line  profile  is 
predicted  to  have  potential  dependent 
frequency  behavior: 


where  n  is  the  exponent_in  the  inter¬ 
action  potential,  E  =  r  .  In  the 
present  context,  n  varies  from  3  to  6 
spanning  from  dipole  -  dipole  to  dipole  - 
induced  dipole  interactions.  Thus,  the 
prol lie  frequency  dependence  varies 
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from  -2  tc  -1.5  in  Che  iin->  wings 
(Townes  6.  Sciiawlcw,  1955)  . 

The  pome  at  which  the  transition  from 
impact  to  statistical  broadening  occurs 
is  not  well  defined,  depending  on  both 
temperature  and  pressure.  Generally,  it 
increases  with  temperature  and  decreases 
with  pressure.  Cold,  low  altitude  con¬ 
ditions  should  maximize  the  effects  of 
statistical  broadening. 

3.  APPLICATION  TO  THE  FAR  INFRARED 


<’sk(V’Y>  =  N'0EC1  [iVljCl2  +  l  |  _1 


lv-v  l<Av 

o  — 


NORM  f(V  2-v2)H 


1 v-vD I >Av 


where  \  is  defined  such  that 

6,  (lv-v  l=Av  )  = 


In  order  to  incorporate  the  results 
of  the  statistical  broadening  theory,  a 
profile  function  must  be  selected  and 
modified.  In  the  context  of  the  deriva¬ 
tions  of  the  Kinetic  profile  and  the 
VanVleck&Weisskopf  profile,  it  is  not 
possible  to  introduce  a  modified  inter¬ 
action  potential  and  proceed  wi‘h  their 
respective  methods  of  solution.  First, 
because  their  methods  do  not  allow  for 
more  complicated  potentials,  and  second, 
because  so  doing  would  not  change  the 
impact  approximation  which  is  a  neces¬ 
sary  paii.  of  their  theories,  we  decided 
to  heuiistically  modify  a  profile 
function  to  allow,  but  not  force,  the 
inclusion  of  statistical  broadening 
effects  into  the  profile  expression. 

The  Kinetic  Profile  was  chosen  for  this 
modification  primarily  for  esthetic 
reasons;  there  is  no  reason  that  the 
VanVlcck&U'eisskopf  could  not  also  be 


The  modification  consists  of  allowing 
the  far  wings  of  the  line  profile, 
beyond  some  frequency  from  line 
center,  to  deviate  from  the  essential 
I.orentzinn  behavior  at  line  center.  The 
Cures  of  the  H?0  lines  have  been  demon¬ 
strated  to  be  Lorentzian  to  a  high 
accuracy  (Liebe  et  al.,  1569).  The  new 
profile,  which  w«  nave  named  the  Super 
Kinetic,  is  defined  as 


lira  5>sk  (lv-v0l=avm+6) 
6-»o 

to  insure  that  $  ,  is  continuous  at 

SK 


v-v  =£v  .  NORM  is  a  normalization  factor 
o  m 

defined  bv 


A* 


(v)dv  =  1 


The  normalization  of  the  Kinetic  Line 
Profile  and  Super  Kinetic  Profile  was 
computed  numerically  for  lines  at 
different  frequencies  v0  and  was  con¬ 
firmed  to  be  in  agreement  with  eq.  6  to 
within  ±0.1%.  Explicitly,  N'ORl'  is 
defined 


NORM  =  ^  SIN  - 
2  0 


The  modifications  to  the  standard  Kinetic 
Profile  are  the  n  exponent  which  no 
longer  must  have  a  value  2,  but  is 
limited  by  normalization  constraints  to 
the  range 

1.0<i|s<»  (8) 

and  by  the  Statistical  Broadening  Theory 
to  the  range 

1.5<n<2  (9) 


for  potentials  of  interest  here,  and  the 
crossover  frequercy  Avn  from  impact  to 
statistical  broadening.  The  range  for 
av  is  not  as  well  determined  as  that 
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The  parameter  r|  is  controlled  by 

the  relative  number  densities  of  perturbers 

with  different  interaction  pc tentials 

witli  respect  to  the  active  n.oieeule,  in 

this  case  H20.  Thus,  1  should  change 

with  different  buffer  gases  and  different 

relative  humidities.  The  frequency 

crossover  Av  should  be  most  sensitive 
m 

to  temperature  and  pressure  changes,  in¬ 
creasing  for  higher  temperatures  and 
lower  pressures. 

4.  ANALYSIS  OF  H20  MILLIMETER  ABSORPTION 

Water  Vapor  absorption  is  calculated 
theoretically  using  standard  high  resolu¬ 
tion  line  by  line  techniques  where  the 
AFGL  line  parameters  (McClatchy  et  al., 
1973))  are  used  for  characterizing  the 
H20  lines.  This  teennique  employing  the 
usual  line  profile  functions  provides  a 
fit  to  general  II20  experimental  data 
shown  in  Fig.  1.  The  normal  recourse  in 
light  of  this  result  is  to  employ  a 
"contihuura"  contribution,  empirically 
determined,  to  force  agreement  with  the 
experimental  data.  The  source  of  tiiis 
continuum  is  still  a  point  of  some 
controversy  (see  this  conference  proceed¬ 
ings). 

Use  of  the  Super  Kinetic  profile  can 
change  the  result  significantly.  Because 
the  application  of  a  rigorous  statistical 
broadening  theory  to  the  ll20  molecule  is 
beyond  the  intent  of  this  paper,  we  have 
fit  the  n  and  Av^  parameters  to  the 
data.  The  result  is  shown  in  Fig.  2. 

The  values  found  for  760  torr,  298°K, 

7.5  gm/m3  li20  absolute  humidity  were 
0=1.88,  and  Av,f_10  half  widths.  There 
now  appears  to  be  no  need  for  an  "20 
raillineter  continuum. 

Though  this  result  is  encouraging, 
caution  must  be  used.  The  absorption 
in  the  10]i  and  4p  windows  due  to  H20 
should  also  be,  if  not  explained,  then 
the  size  of  the  discrepancy  significantly 
reduced  by  this  same  mechanism.  Such  a 
result  seems  hopeful. 

The  ii20  millimeter  absorption  discrepancy 
has  a  x>~  dependence.  But  due  to  the 


functional  form  of  the  line  profiles  i  . 
this  frequency  domain,  this  must  be 
expected.  Any  increase  in  line  attenua- 
ion  will  be  reflected  in  the  line  wings 
-  ;low  20  wavenumbers  (600  GHz)  as  a  v2 
oendent  term,  since  all  the  valid  line 
afiies  go  to  zero  at  zero  wavenumber 
V2.  For  this  reason,  a  fit  to  experi¬ 
mental  data  for  one  set  of  physical  con¬ 
ditions  is  not  sufficient  to  test  the 
hypothesis.  Data  are  required  on  th< 
detailed  pressure  and  temperature  depen¬ 
dence. 

A  preliminary  confirmation  'f  the  pres¬ 
sure  dependence  was  made  by  Aw.ubekyon 
et  al.  (Aganbekyan  et  al.,  '971)  in  ,ie 
submillimeter  windows  at  34.5,  27.8,  end 
22.2  wavenumbers.  They  found  that  in 
those  windows  where  wing  absorption 
predominates  the  absorption  depends  on 
pressure  as 


for  constant  relative  humidity.  This  is 
in  agreement  with  our  value  of  rcl.88. 

The  available  temperature  dependence 
dataaremore  difficult  to  interpret  and 
have  not  been  completed. 

5.  CONCLUSIONS 

The.  Super  Kinetic  profile  does 
produce  a  significant  improvement  between 
experimental  and  theoretical  H20 
millimeter  absorption.  The  degree  to 
which  it  explains  the  discrepancy  must 
await  a  more  complete  application  of  the 
statistical  broadening  theory  to  the  H20 
molecule  and  a  subsequent  comparison  to 
experimental  data.  The  present  result 
should  at  least  argue  for  the  considera¬ 
tion  of  more  complicated  collision 
effects  in  the  H20  line  formation 
problem. 

REFERENCES 

Aganbekyan,  K.  A. ,  A.  Yu.  Zrazhevskiy,  M.  A. 
Kolosov,  and  A.  V.  Sokolov,  1971:  Inves¬ 
tigations  of  absorption  as  a  function  of 
air  pressure  at  the  wavelengths  of  0.29, 
0.36,  and  0,45  mm.  Radio  Eng.  Electron. 
Phvs. .  16.  1433-1437";  [Russian  version, 
Radiotek,  Electron.,  16,  1564-15687] 


Breene,  R.  G.,  1961:  The  Shift  and  Shape  of 
Spectral  Lines.  Pergamon  Press,  New  York. 

Burch,  D.  E.,  1968:  Absorption  of  infrared 
radiant  energy  by  CC>2  and  ^0.  Ill,  Ab¬ 
sorption  by  H,0  between  0.5  and  36  cm~ 

(278  y  -  2  cm) .  J.  Opt.  Soc.  Aaer. ,  58, 
1383-1394. 

Frenkel,  L.  and  D.  Woods,  1966:  The  microwave 
absorption  by  1^0  vapor  and  its  mixture 
with  other  gases  between  100  and  300  Gc/s. 
Proc.  IEEE,  54,  498-505. 

Gebbie,  H.  A.  and  W.  J.  Burroughs,  1968:  Ob¬ 
servations  of  atmospheric  absorption  in 
the  wavelength  range  2  mm-300  ym,  Nature, 
217,  1241-1242. 

Griem,  H.  R. ,  1974:  Spectral  line  Broadening 
by  Plasmas.  Academic  Press,  New  York. 

Gross,  E.  P.,  1955:  Shape  of  collision-broad¬ 
ened  spectral  lines.  Phys.  Rev.,  97 , 
395-403. 

Liebe,  H.  J.,  M.  C.  Thompson,  and  T.  A.  Dillon, 
1969:  Dispersion  studies  of  the  22  GHz 
water  vapor  line  shape.  J.  Quant.  Spectrosc 
Radiat,  Transfer,  9_,  31-47. 

Liebe,  H.  J.,  1979:  private  communication. 

McClatchey,  R.  A.,  W.  S.  Benedict,  S.  A.  Clough, 
D.  E.  Burch,  R.  F.  Calfee,  K.  Fox,  L.  S. 
Rothman,  and  J.  S.  Garing,  1973:  AFCRL 
Atmospheric  Absorption  Line  Parameters 


Compilation.  AFCRL-TR-0096. 

Swihart,  T.  L.,  1971:  Basic  Physics  of  Stellar 
Atmospheres .  Pachart  Publishing,  Tucson. 

Townes,  C.  E  ,  and  A.  L.  Schawlow,  1955:  Micro- 
wave  Spectroscopy.  McGraw-Hill,  New  York. 

VanVleck,  J.  H.  and  V.  F.  Weisskopf,  1945:  On 
the  shape  of  collision-broadened  lines. 

Rev.  Modern  *h/s. ,  17 ,  227-236. 

Waters,  J.  U. ,  lv76:  Absorption  and  emission 
by  atmospheric  gases.  In  Methods  of  Experi 
mental  Physics.  Vol.  12.  Astrophysics 


Part  B.  Radio  Telescopes,  Edited  by  M.  L. 


SEASONAL  ATMOSPHERIC  EIHSSIO:.  AT  54  GHz* 


J.  Hank  Rainwater,  J.  J.  Gallagher,  P.  B.  Reinhart 

Georgia  institute  of  Technology 
Engineering  Experiment  Station 
Atlanta,  Georgia  30332 


ABSTRACT 

A  novel  beam-waveguide  millimeter  radio¬ 
meter  feeding  a  10  foot  parabolic  cish  has 
been  used  to  measure  seasonal  atmospne-i  ic 
emissions  at  94  GHz.  The  radiometer  incor¬ 
porates  a  beam  waveguide  in  the  RF  section 
which  allows  Dicke  switching  and  calibration 
to  be  accomplished  at  the  foca1  points  between 
the  beam  waveguide  lenses.  A  unique  direc¬ 
tional  waveguide  filler,  designed  and  built  at 
Georgia  Tech,  using  a  single  circularly 
polarized  cavity  is  used  to  inject  the  LO  into 
a  Schottky  barrier  mixer.  The  radiometric 
antenna  half-power  oeamwidth  is  under  0.2°, 
thus  these  measurements  represent  atmospheric 
variations  occurring  witnin  small  spatial 
elements.  Measurements  to  date  have  been  made 
during  high  humidity,  summertime  conditions 
and  during  less  humid,  winter  sky  conditions: 
the  oata  show  seasonal  emission  variations 
due  to  clouds  and  otner  atmospheric  conditions. 
Ground  based  measurements  at  the  zenith  and 
celestial  equator  with  varying  oata  integra¬ 
tion  tiroes  have  been  made.  Antenna  tem¬ 
peratures  of  the  solar  radiospnere  have  also 
been  measured  at  a  variety  of  azimuthal  angles 
and  atmospheric  conditions.  Theoretical  cal¬ 
culations  incorporating  state-of-the-art  H,0, 
0_,  and  0,  absorption  line  shape  expressions, 
water  va$or  distribution,  temperature  and 
pressure  profiles,  have  been  performed  ana 
exhibit  a  disparity  with  experimental  measure¬ 
ments. 

The  empirical  measurements  have  been 
reGuced  into  a  variety  of  formats  including 
power  spectral  density  plots  which  aid 
understanding  of  the  nature  of  atmospheric 
"clutter".  Tneoreticai  calculations  are  com¬ 
pared  with  the  experimental  measurements  and 
differences  analyzed. 

1 .  I  NT  ROD'JC ;  I  Oil 

The  nature  of  clutter  in  atmospheric 
emission,  i.e.,  short  term  fluctuating  compo¬ 
nents  of  emission,  is  not  weli  understood  nor 
rha-acleri zed  in  the  millimeter  wave  region. 
Inis  program  was  established  by  OAR PA  to  neio 
establish  a  data  base  of  atmospheric  emission 
statistics  which  would  allow  realistic  system 
planning,  especially  for  down  looking  target 
detection  radiometers.  The  measurements  des¬ 


cribed  herein  were  made  with  a  millimeter 
wave  radiometer  (94  G'Jz)  at  Haval  Research 
Laboratory  (KRL }  in  Washington,  D.C.  Antenna 
temperatures  of  the  sky  for  various  atmos¬ 
pheric  conditions  were  recorded  and  compared 
with  theoretical  calvutstions  based  on 
current  meteorological  conditions. 

2.  CEbLRIPTlOii  OF  THE  RADIOMETER  SYSTEM 

In  August  of  1978  const -uct ion  of  a 
Dicke  switched  radiometer  began  at  Georgia 
Tech  (GT)  that  would  permit  the  URL  10 ‘  dish 
to  be  operated  in  the  prime  focus  mode. 
Because  the  prime  focal  length  of  the 
antenna  is  approximately  3‘,  the  radiometer 
front-end  feed  must  diverge  the  radiation 
over  a  large  angle  {with  appropriate  edge 
illumination  taper)  in  order  to  acnieve  tne 
narrow  antenna  beanwidths  desired  for 
atmospheric  observations.  In  order  tc 
fulfill  these  requirements,  a  novel  beam 
waveguide  radiometer  front-end  scheme  was 
devised.  The  qua si -optical  approach  developed 
allows  Dicke  switching  and  calibration  load 
imaging  to  be  performed  behind  tne  10'  dish 
feed  horn,  thus  eliminating  the  problems  cf 
switching  a  highly  diverging  beam. 

Figure  1  shows  the  RF  portion  of  the 
radiometer  in  block  form.  The  bear, 
waveguide  consists  of  three  lenses  equally 
soaced  at  twice  the  focal  length  of  a  single 
lens.  Goubau  (19511  showed  tnat  a  reiterative 
field  having  linear  polarization,  a  Gaussian 
distributed  radial  amplitude  and  a  uniform 
chase  front  would  appear  in  the  center  plane 
of  each  lens  when  the  lenses  were  of  finite 
diameter  and  had  a  paraboloidal  surface. 
The  bean  waveguide  is  excited  by  conical 
norns  in  ,;R-10  waveguide.  The  complete  beam 
waveguide  portion  of  the  radiometer  with 
three  lenses  and  two  horns  has  a  total 
insertion  loss  of  2.8  dB  referenced  to  tne 
conical  horn  waveguide  ports  (see  inset  in 
Figure  1). 


48 


*This  measurement  program  is  funded  by  the 
Naval  Research  Laboratory  under  Contract 
Ho.  N00173-7S-C-0165  to  the  Georgia  institute 
of  Technology. 
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THEORETICAL  STUDY 


Ulcko  switching  Is  accomplished  with  a 
motor  driven  "bow-tie"  chopper  set  at  45°  to 
the  beam  waveguide  between  the  first  pair  of 
lenses.  The  chopper  alternately  switches  the 
radiometer  beam  between  an  ambient  temperature 
reference  load  (black-body)  and  the  beam 
switch  reflector,  viewed  through  the  second 
lens,  at  a  40  Hz  rate.  With  the  beam 
switcher  in  the  position  shown  in  Figure  1, 
the  radiometer  is  Ulcko  switched  between  the 
reference  load  and  the  medium  viewed  via  the 
third  beam  waveguide  lens  and  horn.  The 
second  conical  horn  feeds  a  circular 
waveguide  horn  which  In  turn  Illuminates  the 
10'  parabolic  dish  (F/D  *  0.33)  from  the 
prime  focus. 

Calibration  of  the  radiometer  Is  accom¬ 
plished  by  rotating  the  beam  switcher  to  view 
either  an  ambient  temperature  calibration 
load  or  a  heated  calibration  load.  When  the 
ambient  load  Is  viewed  the  radiometer  yields 
a  zero  output  which  can  be  compared  to  the 
output  obtained  when  the  hot  load  Is  viewed. 
All  front  end  losses  have  ber-:,  accounted  for 
In  the  calibration  procedure  since  each 
calibration  load  Is  viewed  through  a  single 
lens,  while  the  radlometrlcally  observed 
medium  Is  seen  through  two  lenses,  a  conical 
horn  and  dish  feeding  horn,  with  respect  to 
the  Dlckc  reference  load. 

The  double  sideband  KF  Information  Is 
down  converted  to  an  IT  frequency  (U.9  to 
2.3  GHz)  via  a  single  ended  Schottky  barrier 
mixer  fundamentally  pumped  by  a  reflex 
klystron  at  94.556  GHz.  The  local 
oscillator  Is  Injected  through  a  directional 
waveguide  filter  designed  and  built  at 
Georgia  Tech.  This  filter  differs  from  the 
conventional  two  cavity  structure  In  that 
only  a  single  circularly  polarized  cavity  Is 
used.  Because  the  cavity  Is  polarized  with 
two  orthogonal,  degenerate  TE,,2  modes, 
nearly  100  percent  of  the  Incldeht^power  Is 
coupled  Into  the  cavity.  This  results  In  a 
relatively  low  loss,  reflection-less  filter 
that  can  be  constructed  to  provide  1.5  dB 
local  oscillator  signal  loss  and  0.5  dB  RF 
signal  loss  near  100  GHz  without  difficulty. 


3. 


3 . 1  The  Non-fluctuating  Atmospheric  Model 

Atmospheric  antenna  temperatures  may  be 
calculated  from  model  atmospheres  based  on  the 
solution  to  the  differential  equation  of 
radiative  transfer  originally  developed  by 
Chandrasekhar  (1950).  According  to  a  ncthod 
developed  by  McMillan  et  al.  (1977),  If  the 
atmosphere  can  be  vertically  stratified  Into 
horizontal  slabs,  with  constant  values  of 
pressure,  temperature  and  water  vapor  density 
the  antenna  temperature  of  each  slab  as 
measured  by  a  radiometer  would  be  given  by 

t  ■  t f i  -  n"otseco\  .  T  p-otseco 

'SLAB  tu  0  >  +  oe 

where  T..  -  antenna  temperature  of  slab 

■>L  “  of  thickness  i  viewed  at 
zenith  angle  0. 

T  -  physical  temperature  of 

slab. 

a  -  atmospheric  attenuation, 

Inverse  length  units. 

T  -  antenna  temperature  that 

J  would  be  measured  above  the 

slab. 


The  parameter  o  Is  a  function  of  the 
contributions  of  the  millimeter  and  subml 1 1 Imeter 
H-O  and  0,  absorption  line  wings  In  the  94  GHz 
"Window  .  In  the  NR l  program,  39  H^O  and  40 
02  lines  up  to  1000  GHz  were  Induced  In  thp 
computation  of  a. 


The  computer  program  which  calculates  the 
antenna  temperature  of  the  atmosphere  according 
to  summations  of  equation  (1),  divides  a  50  km 
atmosphere  Into  500  slabs  of  equal  thickness. 
The  temperature,  pressure  and  water  vapor 
density  of  each  slab  are  obtained  from  Air 
Force  Geophysical  Laboratory  (formerly  AFCRL) 
standard  atmospheric  tables.  Ideally,  radio¬ 
sonde  data  on  the  measurement  days  In  question 
would  more  accurately  model  the  atmosphere; 
however,  the  data  obtained  from  the  National 
Weather  Service  arrived  too  late  to  be 

incorporated  Into  the  current  theoretical 
calculations. 


The  IF  output  of  the  radiometer  Is 
detected  by  a  tunnel  diode,  operating  In  the 
square  law  range,  and  synchronously  amplified 
and  Integrated  by  a  lock-in  amplifier.  The 
lock-in  amplifier  (Ithaco  391A)  has  adjustable 
video  gain  and  low  pass  filter  bandwidth 
controls  enabling  the  radiometer  to  operate 
over  a  large  dynamic  range.  (For  Instance 
antenna  temperatures  of  both  the  sky  and  the 
solar  radiosphere  can  be  measured  accurately.) 
The  Integrated  radiometer  output  voltage 
(proportional  to  antenna  temperature)  has 
been  recorded  both  by  chart  recorders  and 
magnetic  FM  tape  recorders. 


3,2  Studies  of  the  Fluctuating  Components  In 
Emission 

3.2.1  Introduction 

The  atmospheric  model  discussed  In  the 
previous  section  Is  fairly  simplistic  In  its 
approach  and  thus  leads  to  analytically 
tractable  solutions.  For  Instance,  by 
neglecting  scattering  effects  In  layers  of 
cloud  and  rain  the  radiative  transfer 
equations  yield  simple  Integral  expressions 
which  can  bo  evaluated  numerically  as  In  the 
non-fluctuating  model.  However,  In  order  to 
more  accurately  model  the  atmosphere,  clouds 
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and  other  inhomogeneous  regions  need  to  be 
included  in  the  formulation  of  sky  brightness 
temperatures.  The  authors  are  currently 
studying  and  searching  the  available  litera¬ 
ture  on  atmospheric  modeling,  especially  in 
regard  to  the  effect  of  inhomogeneous  regions 
on  short  term  fluctuations  in  the  sky 

brightness. 

Section  3.2.2  is  an  annotated  bibliography 
of  this  on-going  study.  Host  cf  the 
referenced  literature  treats  the  case  of 
fluctuations  at  ground  level  along  horizontal 
paths.  The  importance  of  wind  velocity  in 
moving  inhomogeneous  regions  through  the 
antenna  beam  is  indicated  in  Reference  9. 

One  phase  of  the  experiments  which  are  being 

performed  provides  foi  observations  in  the 
direction  of  the  wind  by  moving  the  dish  with 
and  against  the  wind.  This  method  was 

suggested  by  Dr.  J.  Hoi  linger  of  NRL. 

Some  Dapers  have  treated  the  effects  of 
atmospheric  radiation  variations  on  the 
vertical  measurement  of  fluctuations  in 
antenna  temper.  ;ure  [1*4,  15,  21,  22  and  24]. 
Reference  24  reports  on  calculations  of  power 
spectra  in  the  submillimeter  wavelength 
region  in  the  range  6.5  x  10~b  -  1.6  x  10"^ 

Hz  and  I  -  200  Hz  and  have  indicated  that  no 
excess  noise  has  been  detected.  These  were 
reported  for  one  site  in  the  Italian  Alps. 
More  recently,  fluctuation  measurements  have 
been  reported  by  another  Italian  group,  and 
their  /ork  is  currently  in  preparation  for 
nublic  ion. 

Reference  15  is  primarily  concerned  with 
the  power  spectrum  between  4  x  10'"3  Hz  and 
0.25  Hz  of  emission  and  absorption  near  the 
350  urn  atmospheric  window.  Thes-  measurements 
were  also  made  at  a  single  location. 
Reference  14  deals  with  the  fluctuating 
component  in  antenna  noise  temperature 
resulting  from  varying  atmospheric  abborption 
along  the  line-of-sigho.  Even  in  clear 
weather  fluctuations  have  been  observed.  The 
frequency  range  of  interest  is  the  1  -  10"*3 
Hz  range.  Operating  frequencies  of  the 
radiometers  were  S  GHz  and  3  GHz.  Reference 
27  looked  for  long  term  fluctuations,  but 
found  no  significant  contributions  for 
integration  times  up  to  160  minutes. 

3.2.2  Annotated  bibliography 
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Ho.  5,  pp.  650-657,  Sept.  '977.  — 
Foimulation  of  scattering  Trects  of 
layers  of  clouds  and  rain  on  down 
looking  radiometers.  Derive  radiative 
transfer  equations  accounting  for  polari¬ 
zation  dependence  and  drop  size  distribu¬ 
tions.  Model  clouds  and  solve  resulting 


equations  for  brightness  versus  frequency 
up  to  300  GHz. 

2.  G.  G.  Haroules,  W.  E.  Brown,  "A  60-GHz 
Multi -Frequency  Radiometric  Sensor  for 
Detecting  Clear  Air  Turbulence  in  the 
Troposphere",  IEEE  Trans.  Aero.  Elec. 
Sys.,  Vol.  AES-5,  No.  5,  pp.  712-723, 
Sept.  1969.  —  Model  turbulence  regions 
with  respect  to  temperature  anomalies. 

3.  A.  M.  Zavody,  "Effect  of  Scattering  by 
Rain  on  Radiometer  Measurements  at 
Millimeter  Wavelengths",  Proc.  IEE  , 
Vol.  121,  No.  4,  pp.  257-263,  April 
1974,  —  Emission  from  rain  due  to 
scattering  effects  at  37,  72  and  110 
GHz  discussed.  Correction  term  to 
antenna  temperature  for  rain  in  beam 
area  derived. 

R.  S.  Lawrence,  J.  W.  Strohbehn,  "A 
Survey  of  Clear-Air  Propagation  Effects 
Relevant  to  Optical  Communications", 
Proc.  IEEE,  Vol.  58,  No.  10,  pp.  1523- 
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how  inhomogeneous  regions  are  modeled 
in  the  optical  region  Large  and  small 
scale  refractive  variations  treated. 

5.  J.  w.  Strohbehn,  "Line-of-Sight  Wave 
Propagation  Through  The  Turbulent  Atmos¬ 
phere",  Proc.  IEEE,  Vol.  56,  No.  8,  pp. 
1301-1317,  August  1968.  —  A  review  of 
treatments  involving  random  fluctuations 
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6.  A.  Ishirnaru,  “Fluctuations  of  a  Beam 
Wave  Propagating  Through  a  Locally 
Homogeneous  Medium",  Radio  Science, 
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of  EHF  Air  Refractivity  with  Respect  to 
Temperature,  Pressure,  and  Frequency", 
IEEE  Trans.  AP,  Vol.  SP-25,  No.  3,  pp. 
335-345,  Kay  1977.  -  Treat  40  to  140 
GHz  band  for  simulated  atmosphere  up  to 
40  km.  Present  graphs  of  refractivity 
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Model  0„  spectral  contributions  to 
refractivity  variations. 

8.  C.  B.  Hogge,  R.  R.  Butts,  "Frequency 
Spectra  for  the  Geometric  Representation 
of  Wavefront  Distortions  Due  to  Atmos¬ 
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IEEE  Trans.  AP,  Vol.  AP-18,  No.  4,  pp. 
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13.  L.  A.  Hoffman,  et  al,,  "Propagation 
Observations  at  3.2  Millimeters",  Proc. 
IEEE,  Vol.  54,  No.  4,  pp.  449-454,  April 
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signal  scintillation  observed  and  dis¬ 
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Outer  Scale  of  Turbulence  and  Wavelength 
o  n  Scintillation  Fading  at  Millimeter 
Wavelengths",  IEEE  Trans.  AP,  Vol.  AP- 
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Fresnel  zones  affect  spectral  densities. 
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MTT-26,  No.  6,  p.  434,  1978.  -  This 
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System  Tech.  Journal,  50,  No.  1,  p. 
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23.  L.  Lo,  B.  M.  Fannin  and  A.  W.  Straiton, 
"Attenuation  of  8.6  and  3.2  mm  Radio 
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24.  S.  Corsi  et  al.,  "Atmospheric  Noise  in 
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Techniques,  NTT-22,  No.  12,  p.  1036, 
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25.  N.  A.  Armand  et  al.,  "Fluctuations  of 
Submi  1 1  mie^er  Waves  in  a  Turbulent 
Atmosphere",  Radio  Engineering  and 
Electronics  Physics,  12,  No.  7,  p. 
1009,  1968.  --  Basic  theory  of  fluc¬ 

tuations  in  an  absorbing  medium; 
calculates  the  ratio  of  fluctuation 
variance  in  absorption  to  non-absorp¬ 
tion  fluctuation  variance. 

26.  A.  S.  Gurvich,  "Effects  of  Absorption 
on  the  Fluctuation  in  Signal  Level 
During  Atmospheric  Propagation",  Ibid., 

13,  No.  11,  p.  1687,  1968.  —  Paper 
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27.  F.  1.  Shimabukuro  and  E.  E.  Epstein, 
"Attenuation  and  Emission  of  Atmosphere 
at  3.3  mm",  IEEE  Transactions  on 
Antennas  and  Propagation,  AP-18,  No. 

4,  p.  485,  1970.  —  Looked  for 

fluctuations  from  atmosphere  for  long 
integration  times  >  4  sec,  observed  no 
significant  contributions. 

4.  EXPERIMENTAL  MEASUREMENTS 

4.1  Summer  Measurements 

During  September  of  1978  the  first 
atmospheric  observations  at  94  GHz  with  the 
beam  waveguide  radiometer  system  were 

recorded.  System  installation  began  on 
September  8th  and  focusing  of  the  antenna 
was  completed  by  mid -day  of  September  12th. 
The  bulk  of  the  atmospheric  observations 

made  during  tne  September  field  trip 
occurred  on  the  12th  and  13th  of  September; 
unfortunately,  a  mixer  failure  during  the 
late  afternoon  of  September  13th  precluded 
any  further  measurements.  Included  in  the 
experimental  records  are  measurements  of 
cloud  effects  on  both  atmospheric  and  solar 
emissions  in  addition  to  zenith  and 
celestial  equatorial  sky  emissions.  Antenna 
temperatures  of  the  zenith  sky  at  22  and  31 
GHz,  provided  by  the  dual -frequency  NRL 
radiometer,  are  also  presented  where  appro¬ 
priate,  along  with  the  chronologically 
ordered  94  GHz  data. 

Figures  2  and  3  show  zenith  sky 

emissions  at  22,  31,  and  94  GHz  measured 
during  the  partly  cloudy  afternoon  of 
September  12th.  Note  the  effects  of  clouds 
in  Figure  3  as  compared  to  Figure  2.  Theo¬ 
retical  predictions  of  the  zenith  antenna 
temperatures  (which  do  not  account  for 

clouds)  based  on  the  meteorological  conditions 
stated  in  Figures  2  and  3  are  142. 2°K  and 
respectively.  Figure  4  shows  how 
cloud  cover  affects  the  emission  received 
from  the  sun  at  94  GHz  on  the  same  day, 
September  12th.  Different  solar  drift  scans 
from  right  to  left  in  Figure  4  show  the 
gradual  attenuation  of  the  sun  by  increasing 


cloudiness.  The  theoretical  atmospheric  model 
predicts  a  solar  antenna  temperature  of 
3663. 4°K,  based  on  a  solar  brightness 
temperature  of  6500°K,  a  cloudless  sky,  and 
the  antenna  site  meteorological  conditions. 

During  the  morning  of  September  13th, 
when  the  sky  was  completely  overcast  and  the 
winds  were  calm,  ground  temperatures  were 
considerably  lower  than  the  previous  after¬ 
noon.  Figures  5  and  6  show  atmospheric 
emissions  measured  during  this  morning  at 
two  zenith  angles,  zero  and  at  the  celestial 
equator.  Figures  7  and  8  present  zenith  sky 
emissions  with  short  integration  time 
periods.  A  theoretical  calculation  of  the 
zenith  sky  emission  based  on  the  meteorologi¬ 
cal  conditions  of  Figure  8  yielded  an 
antenna  temperature  of  1C0.35°K. 

The  differences  between  the  experimental 
and  theoretical  values  of  atmospheric 

antenna  temperatures  illustrate  the  inaccuracy 
of  an  atmospheric  model  which  does  not 

account  for  inhomogeneous  features  and  non¬ 
standard  variations  in  temperature,  pressure 
and  water  vapor  distributions.  Table  1  is  a 
summary  of  the  comparisons  of  theoretical 
and  experimental  antenna  temperatures  which 
were  described  above.  The  experimental 
values  representing  atmospheric  emission  are 
on  the  average  much  larger  than  the 

theoretical,  indicating  that  the  real 

atmosphere  is  slightly  more  lossy  than  the 
atmospheric  model  predicts.  In  the  case  of 
the  solar  emission  comparison,  the  higher 
theoretical  value  indicates  that  the  atmos¬ 
pheric  extinction  predicted  is  lower  than 
that  actually  encountered  empirically  (assuming 
the  6500°K  brightness  temperature  of  the  sun 
is  reasonable). 

TADLE  1.  EXPERIMENTAL  VS.  THEORETICAL  ASTEiSHA  TEMPERATURES 
Hi  DECREES  KELVIN  (°K} 


TtPE  DATA 

EXPERIMENTAL 

MIN  MAX 

THEORE'  I CU 

FIGURE  NUMBER 

Zenith  Emission 

144 

173 

142.2 

2 

Zenith  Emission 
with  Clouds 

139 

266 

147.56 

3 

Zenith  Emission 

136 

161 

100.35 

8 

Solar  Emission 

2320 

3182 

3663  4 

4 

4.2  Winter  Measurements 


At  '.his  reporting  date  some  of  the 
March  1979  data  have  been  reduced  into  both 
time  records  and  power  spectral  density 
plots  (PSD )  of  atmospheric  antenna  tempera¬ 
tures.  Figure  9  shows  the  radiometer  output 
and  spectral  density  for  the  calibration  run 
performed  prior  to  the  sky  emissions 
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Figure  4  .  Attenuation  Of  Solar  Radiation  By  Cumulus  Cloud 


Figure  5  .  Emissions  At  Celestial  Equator  On  13  Sept  78 


measured  in  Figure  10.  Comparison  of 
the  PSD  of  Figure  9  with  10  shows  the 
effect  of  system  signal  convolution  in 
the  frequency  domain  which  must  be  ac¬ 
counted  for  before  any  atmospheric 
spectral  feature  can  be  determined. 
The  large  spikes  in  the  antenna  tem¬ 
perature  records  are  a  result  of  in¬ 
terfering  electrical  noise  at  the 
antenna  site.  For  a  more  complete 
presentation  and  discussion  of  the 
winter  measurement  program  results  the 
reader  is  referred  to  Rainwater,  et 
al.  (1979). 

5.  CONCLUSIONS 

To  date  the  scale  of  atmospher¬ 
ic  fluctuations  has  not  been  deter¬ 
mined.  The  data  have  shown  the  need 
for  an  atmospheric  model  which  will 
account  for  inhomogeneous  regions 
such  as  clouds. 
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SPECTRAL  DENSITY  OUTPUT  (■») 


b.  Spectral  density 


Hgure  9.  Radiometer  Output  And  Spectral  Density 

At  Ambient  Load  Calibration  13  March  1979. 
(Calibration  No.  2,  Applicable  to  Fig.  28-30) 


b.  Spectral  Density 


Figure  10.  Zenith  Sky  Emissions,  Afternoon  Of 

13  March  1979.  Air  Temperature  290.35’K, 
Water  Vapor  Density  5.57  g/m3,  Pressure 
1019  mb.  Integration  Constant  0.5  sec, 
ATh,n  •  6.46^. 


56 


ANTE  IMA  TEN>ttATUK  fit) 


TWO  PROBLEMS  IN'  UNDERSTANDING  THE 
ROLE  OF  WATER  DIMERS  IN  ATMOSPHERIC  ABSORPTION 

R.  A.  Boiilander 

Appleton"''*  jboratory,  Slough,  England 
Present  address:  Georgia  Institute  of  Technology 
Engineering  Experiment  Station 
Atlanta,.  Georgia  30332 

R.  J.  Emery  and  D.  T.  Llewellyn-Jones 
Appleton  Laboratory,  Slough,  England 

G.  G.  Gimmes tad 

University  of  Colorado,  Boulder,  Colorado 
Present  adress:  Michigan  Technological  University 
Keweenaw  Research  Center,  Houghton,  Michigan  49931 

H.  A.  Gebbie 

Imperial  College  of  Science  and  Technology 
University  of  London,  London,  England 


ABSTRACT 


A  model  of  the  water  dimer  having  a  single 
linear  hydrogen  bond  has  been  used  to  predict 
the  pure  rotation  and  rotation-vibration  band 
absorption  by  this  species.  Using  Fourier 
spectroscopy,  we  have  looked  for  this  in  the 
difference  between  measured  and  predicted  ab¬ 
sorption  by  water  molecules  in  the  wavenumber 
ranges  8  to  40  cm--*-  (240  to  1,400  GHz)  and  300 
to  600  cm~l.  However,  the  present  model  of 
d:.mer  absorption  does  not  satisfactorily 
account  for  the  observed  excess  absorption  by 
water  vapor  in  the  laboratory  or  by  the  atmos¬ 
phere  containing  water  vapor.  The  nature  of 
the  disagreement  is  different  in  laboratory 
and  field  studies.  When"  equilibrium  samples 
of  water  vapor  are  studied  in  the  laboratory, 
the  temperature  dependence  and  over-all  magni¬ 
tude  of  observed  excess  absorption  are  in  rea¬ 
sonable  agreement  with  prediction  for  dimers, 
but  the  shape  of  the  speerrum  is  very  differ¬ 
ent.  This  suggests  that  the  average  molecular 
pair  structure  is  different  at  normal  tempera¬ 
tures  from  the  ground  state  structure  of  dimers 
found  by  Dyke  and  others  in  1977  in  molecular 
beam.-.  It  is  well-known  that  excess  absorption 
will  be  found  in  the  atmosphere  when  comparison 
is  made  with  predictions  for  known  constituents. 
Even  if  laboratory  spectra  of  water  vapor  are 
used  to  improve  the  predictions,  there  is  a 
residual  observed.  It  is  characterized  mainly 
by  more  variability  than  can  be  attributed  to 
dimers  in  equilibrium. 


1.  INTRODUCTION 

The  importance  of  absorption  by  water 
dimers  in  the  atmosphere  at  near  millimeter 
wavelengths  has  needed  clarification.  Viktorova 
and  Zhevakin  (1967,  1971,  1975)  originally  sug¬ 


gested  that  dimers  might  account  for  the 
observed  excess  of  absorption  in  the  gaps 
between  water  lines.  A  dimer  is  a  pair  of 
water  molecules  bound  by  a  weak  hydrogen 
bond;  because  of  this,  dimer  concentra¬ 
tions  depend  on  the  water  vapor  density  and 
the  temperature.  We  have  made  a  study  of 
excess  absorption  by  water  vapor  in  the 
laboratory  to  find  out  two  things:  (l)wheth- 
er  present  dimer  models  account  for  the  ex¬ 
cess  over  prediction  for  monomers,  and  (2) 
whether  our  laboratory  findings  can  account 
for  observed  anomalies  in  atmospheric  atten¬ 
uation.  A  detailed  account  has  been  given  in 
the  thesis  by  Bohlander  (1979),  and  further 
publications  will  follow. 

2..  THEORETICAL  DIMER  ABSORPTION 

We  have  made  theoretical  calculations  of 
the  absorption  spectrum  of  dimers  from  exist¬ 
ing  information  about  their  structure.  A  num¬ 
ber  of  theoretical  chemists  have  made  molec¬ 
ular  orbital  calculations  in  order  to  find 
the  hydrogen  bond  energy  and  the  most  stable 
structure,  shown  in  Figure  1.  Dill  et  al. 
(1975)  give  a  useful  review,  and  more  recent 
work  is  described  by  Matsuoka  et  al.  (1976). 
These  predictions  were  found  t-o  be  consistent 
with  high  resolution  measurements  (Dyke  et 
al.,  1977)  of  the  microwave  transitions  of 
dimers  in  molecular  beams.  V’e  have,  there¬ 
fore,  a  fairly  clear  idea  of  the  structure 
of  dimer  molecules  when  they  are  in  the 
ground  vibrational  state. 

Since  it  can  be  estimated  that  only 
four  percent'of  the  dimer  population  is  in 
the  ground  vibrational  state  at  normal  tem¬ 
peratures,  the  question  as  to  whether  dimers 
retain  approximately  the  lowest  energy  con¬ 
figuration  at  these  temperatures  is  an  impor¬ 
tant  one.  To  shed  light  on  this  question  a 
comparison  has  been  made  of  observed  excess 
absorption  with  a  theoretical  dimer  spectrum 
calculated  on  the  assumption  that  dimers 
undergo  rigid  rotation  and  small-amplitude 
harmonic  vibration.  This. is  not  an  unrea¬ 
sonable  model  to  try  since  Thomas  (1975)  has 
found  vibration  bands  of  the  hydrogen- 
bonded  complex  H7O — HF  which  were  easily 
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recognizable  despite  some  anharmonicity . 

It  is  also  necessary  to  make  an  assump¬ 
tion  abort  dimer  concentrations.  Although 
molecular  bean  measurements  have  given  impor¬ 
tant  structural  information,  they  tell  us 
nothing  about  equilibrium  concentrations. 

These  we  have  estimated  in  the  usual  way 
(see  eg.  Bolander  et  al.  1969)  from  experi¬ 
mental  values  of  the  second  virial  coeffi¬ 
cient  (Goff  and  Cratch,  1946).  Typical  cal¬ 
culated  dimer  concentrations  are  of  the  order 
of  a  part  in  1000  of  the  monomer  concentra¬ 
tion.  Uncertainties  in  the  theory  on  which 
these  calculations  are  based  will  be  dis¬ 
cussed  later. 

Figure  2a  shows  where  dimers  are  ex¬ 
pected  to  come  in  atmospheric  composition. 

Ground  level  water  vapor  is  shown  with  a 
possible  variation  from  2  to  50  parts  in  1000. 
Dimer  concentrations  are  proportional  to  the 
square  of  the  water  vapor  density;  their 
dependence  on  temperature  is  determined  by 
the  hydrogen  bond  energy,  estimated  to  be 
0.12eV.  Although  this  would  give  a  relatively 
steep  temperature  dependence,  the  variability 
of  the  equilibrium  dimer  concentration  resul¬ 
ting  from  variations  in  water  vapor  der.3ity 
is  more  important  in  the  atmosphere  since  wa¬ 
ter  vapor  density  naturally  varies  by  a  great¬ 
er  percentage  than  does  the  temperature.  The 
figure  shows  the  range  of  dimer  concentrations 
expected  fir  the  range  of  water  vapor  density 
shorn,  taking  temperature  to  be  at  the  dew  point. 

Although  water  dimers  are  expected  to 
come  seventh  in  the  list  of  atmospheric 
constituents,  they  are  expected  to  rank 
higher  in  importance  as  absorbers  since  they 
have  a  large  dipole  moment.  A  crude  way  to 
make  a  comparison  is  to  look  at  expected 
integrated  absorption  coefficients  for  the 
range  0  to  30  cm"*  (900GHz) ,  as  shown  in 
Figure  2b. 

The  theoretical  spectrum  of  water  dimers 
in  the  far  infrared,  shown  in  Figure  3a.  is 
overlayod  by  the  monomer  pure  rotation  spec¬ 
trum  (Figure  3b).  The  dimer's  expected  pure 
rotation  band  comes  at  a  low  frequency 
because  the  dipole  moment  measured  by  Dyke  et 
al.  (1977)  was  found  to  be  nearly  parallel  to 
the  line  between  the  heavy  oxygen  atoms.  The 
inertial  spectral  constant  for  end-over-end 
transitions  is  about  0.2  cm"*-,  and  the  peak  of 
the  band  is  at  16  cm"*  (480GHz) .  The  rotation¬ 
al  structure  ii>  not  t,lveu  in  detail  Because 
the  splitting  parameters  for  inversion 
tunnelling  are  not  well-known.  Smoothed  band 
contours  are  shown  and  are  all  that  is  needed 
for  an  interesting  comparison  with  experiment¬ 
al  data. 

The  remainder  of  the  predeted  absorption 
is  assigned  to  six  intermolecular  vibration 
modes  involving  the  hydrogen  band.  We  have 
calculated  the  normal  intermolecular  vibration 
frequencies  lor  the  dimer  from  recent  moleeulai 
orbital  studies  of  intermolecular  potential 
energy  (Matsucka  et  al..  1976).  Most  of  the 
modes  involve  partial  rotation  of  the  monomers 
within  the  dimer,  and,  since  this  causes  large 
dipole  moment  oscillations,  the  predicted 
absorption  intensity  is  large.  Intensities 
weie  calculated  with  the  assumption  that  the 
charge  distribution  remains  fixed  on  the 
monomer  units  online  vibrations. 


3.  OBSERVATIONS  IN  THE  LABORATORY 

The  spectral  ranges  that  are  most  acces¬ 
sible  to  experimental  study  are  in  the  wings 
of  the  monomer  pure  rotation  band  and  include 
the  predicted  dimer  pure  rotation  band  and  the 
predicted  bands  fbr  hydrogen  bond  bending. 
These  wt re  also  perhaps  the  most  interesting 
on  theoretical  grounds,  as  will  be  discussed 
later.  We  have  studied  water  vapor  without 
a  foreign  broadening  gas  since  this  would 
give  the  widest  possible  spectral  ranges  in 
which  to  search  for  dimer  absorption. 

Path  lengths  between  20  and  200  meters 
wer;  needed  to  measure  the  absorption  coeffi¬ 
cients  of  water  vapor  in  the  gaps  between 
lines;  these  were  obtained  chiefly  with 
white-type  folded-path  optics.  Wide-band 
radiation  was  taken  from  Mercury  lamps  or 
glow  bar  sources,  and  Helium-cooled  bolome¬ 
ters  or  Golay  cell  detectors  were  used. 

Spectra  were  obtained  by  Fourier  transform 
spectroscopy.  Supplementary  measurements  of 
absorption  were  made  with  an  HCN  maser  at  a 
frequency  of  29.7  cm"*  (891GHz). 

A  selection  of  observed  spectra  is  given 
in  Figure  4.  They  represent  one  minus  the 
ratio  of  spectra  obtained  with  a  sample  and 
with  a  vacuum  in  the  absorption  cell.  The 
dashed  curves  show  exoected  monomer  absorp¬ 
tion  calculated  with  the  Gross  line  shape 
formula  and  the  line  parameters  given  by 
McClatchey  et  al.  (4973)  and  Benedict  and 
Kaplan  (1964).  Due  to  the  presence  of  nu¬ 
merous  strong  monomer  lines,  one  can  get 
only  a  fragmentary  picture  of  the  excess 
absorption's  spectral  shape,  as  shown  for  the 
near  millimeter  region  in  Figure  5.  Horizon¬ 
tal  bars  show  intervals  of  wavenumber  in 
which  excess  absorption  has  been  averaged. 

Some  results  of  Burch  (1968)  and  Burroughs 
et  al.(l969)  which  are  in  good  agreement  are 
also  shown.  Preliminary  results  for  which  a 
large  untuned  cavity  was  used  in  place  of  the 
White  cell  are  also  shown  in  the  low  frequen¬ 
cy  region,  where  the  use  of  White-type  absorp¬ 
tion  cells  can  be  troublesome. 

The  integral  of  the  observed  excess  ab¬ 
sorption  is  about  the  same  as  that  predicted 
by  the  dimer  model ,  but  the  shape  of  the 
spectrum,  is  different.  This  is  also  true  for 
the  higher  wavenumber  range  studied  (Figure 
6).  Here  observed  excess  absorption  is 
represented  by  a  smooth  curve  that  tits  our 
data  and  that  of  Burch  et  al.  (1974)  within 
the  experimental  uncertainty.  As  previous¬ 
ly  noted  by  Roberts  et  al.(1976),  this  seems 
to  have  the  form  of  an  exponential  decrease 
with  frequency  in  the  range  300  to  600  cm"*. 
Further  discussion  of  the  shape  of  excess 
absorption  will  be  given,  following  consid¬ 
eration  of  the  observed  temperature  depen¬ 
dence. 

Typical  results  in  the  low  and  high 
frequency  regions  are  given  in  Ficure  7. 

The  excess  absorption  data  are  plotted  in 
this  way  to  find  the  value  of  the  energy  E 
that  characterizes  the  temperature  depen¬ 
dence;  this  in  turn  can  be  compared  with  the 
estimated  dimer  energy  of  formation.  The 
dotted  lines  show  the  temperature  depen¬ 
dence  of  the  predicted  monomer  component  of 
the  absorption.  This  is  governed  mainly  by 
the  Boltzmann  distribution  of  the  “nergy 
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levels  from  which  nearby  absorption  transitions 
arise;  the  slope  therefore  switches  sign  from 
one  side  of  the  monomer  pure  rotation  band  to 
the  other.  The  temperature  dependence  of  the 
excess  absorption  is  more  nearly  uniform. 

Values  of  E  gi.en  in  Figure  8  are  near  the 
dimer  energy  of  formation  estimated  from  the 
temperature  dependence  of  the  second  virial 
coefficient  (Bolnnder  et  ai.  1969;  Bohlander, 
1979). 

4.  DISCUSSION 

There  are  in  general  terms  two  possible 
ways  of  interpreting  the  discrepancy  between 
the  shape  of  observed  excess  absorption  and 
that  of  predicted  dimer  absorption: 

(1)  Dimers  at  normal  temperatures 
may  have  significantly  dif¬ 
ferent  structures  than  they 
have  at  low  temperatures,  or 

(2)  The  contributions  by  dimers  to 
the  excess  absorption  may  be 
less  important  than  possible 
contributions  by  unbound 
molecular  pairs. 

It  is  widely  recognized  that  there  is  an 
important  weakness  in  present  models  of  molec¬ 
ular  absorption — namely,  in  the  line  shape 
formulae,  which  are  based  on  the  assumption 
of  instantaneous  collisions.  Water  molecules 
interacting  in  unbound  pairs  can  contribute 
absorption  to  the  wings  of  monomer  lines  and 
may  make  a  larger  contribution  than  that 
predicted  by  present  line  shape  formulae. 
Various  authors,  for  example  Z.,ev  and  Fomin 
(.1978)  and  Brown  and  Snider  (1979,  in  the 
present  proceedings),  have  shown  that  modifi¬ 
cations  to  line  shape  formulae  cou.d  substan¬ 
tially  reduce  excess  absorption  fci  selected 
conditions.  However,  the  formulae  and  tin 
values  of  the  free  parameters  which  r...se  then 
fit  observed  absorption  have  not  as  vet  beer, 
tested  to  see  if  they  are  physically  meaning¬ 
ful  in  terms  of  molecular  interactions. 

1’rescnt  theories,  by  which  dimer  concen¬ 
trations  are  calculated  from  value-  of  the 
second  virial  coefficient,  discount  the  impor¬ 
tance  of  unbound  pairs  at  atmospheric  tempera¬ 
tures,  but  there  are  some  simplifications 
made.  For  molecules  with  a  spherical !v  sym¬ 
metric  form  of  potential  energy,  Stogryn  and 
Hirschfelder  (1959)  have  shown  that  dimers 
are  responsible  for  nearly  all  of  the  second 
virial  coefficient  when  the  diner  binding 
energy  exceeds  kT.  In  the  case  of  water,  the 
energy  of  diner  formation  is  more  than  ALT, 
but  it  is  not  known  whether  the  generaliza¬ 
tion  of  Stogryn  and  Hirschfelder  car,  be  ex¬ 
tended  to  the  case  of  molecules  of  low  sym¬ 
metry,  such  as  water.  Calculations  of  dimer 
concentrations  may  also  be  done  from  a  knowl¬ 
edge  <.  *"  the  intermolecular  potential  energy 
(Viktorova  and  Zhevakin  1971;  Braun  and 
Leidocker  I97-;  Lane  1915;  Bohlander  1979). 
While  reasonable  agreement  with  experiments5 
values  of  the  second  virial  coefricient  have 
been  obtained  thus  far,  much  uncertainty 
remains  about  the  reliability  of  the  npprox- 
fmations.  Therefore,  the  possibility  of  a 
significant  contribution  by  unbound  pairs  to 
excess  absorotion  cannot  be  ruled  out. 

It  is  significant  that  the  predicted 
vibration  .and  assigned  to  hydrogen  bond 


bending  in  dimers  has  not  been  fourd  in  ob¬ 
served  excess  absorption.  The  tendency  of  a 
hydrogen  bond  to  renair  linear,  as  shown  in 
Figure  1,  is  a  coimon  characteristic  of  hydro¬ 
gen-bonded  complexes  and  is  manifested  in  the 
relatively  high  frequency  of  the  bending  motion. 
The  absence  of  the  mode  suggests  that  the  asso¬ 
ciation  of  water  molecules  at  normal  tempera¬ 
tures  does  not  usually  involve  a  linear  hydro¬ 
gen  bond.  To  explain  the  observed  excess  ab¬ 
sorption  spectrum,  other  ways  of  looking  at 
dimer  structure  might  be  considered.  An  error 
in  the  theory  of  the  most  stable  structure  is 
ruled  out  by  the  molecular  beam  measv  rements 
cited  earlier.  Theoretical  calculations  have 
not  identified  an;  sufficiently  stable  alter¬ 
native  structures  with  higher  energy.  Thus 
it  remains  to  consider  the  possible  effects 
of  large  amplitude  vibrations  or  of  internal 
rotation.  Further  work  is  needed,  for  exam¬ 
ple,  on  the  theoretical  barriers  to  internal 
rotation. 

It  is  appropriate  to  end  this  section  by 
remarking  that  pairs  of  molecules  bound  in 
a  weak  and  floppy  way  may  be  difficult  to 
distinguish  spectroscopically  from  pairs 
which  are  not  quite  bound.  Prengel  and 
Gornall  (1976)  have  recently  demonstrated 
some  similarities  in  the  way  photons  inter¬ 
act  with  unbound  pairs  and  bound  pairs  of 
methane  molecules. 

5.  COMPARISON  WITH  ATTENUATION  BY  THE 

ATMOSPHERE 

Although  we  do  not  fully  understand  the 
spectrum  of  water  vapor,  it  is  important  to 
ask  whether  .aboratory  measurements  give  us 
a  better  understanding  of  absorption  by  the 
atmosphere.  Figure  9  gives  a  simplified 
representation  of  attenuation  by  the  atmos¬ 
phere  as  observed  by  Emery,  Zavody  and  Gebbie 
(to  be  published).  Transmission  was  measured 
in  a  folded  path  in  the  open  atmosphere,  and 
the  path  was  then  dessicaied  to  obtain  a  cal¬ 
ibration  under  conditions  of  low  atmospheric 
attenuation.  Water  vapor  is  tne  only  impor¬ 
tant  known  absorber  for  this  wavelength 
range  anc  for  the  path  length  and  clear-air 
conditions  studied.  The  solid  line  gives  the 
water  vapor  absorption  which  is  predicted 
for  the  case  of  pressure  broadening  by  air 
when  the  Gross  line  shape  formula  is  used, 
and  the  dashed  line  shows  corrected  values 
of  the  predicted  absorption  based  or.  the 
laboratory  measurements  described  above.  The 
observations  covered  a  range  of  temperature 
(2S0-290K)  anc.  of  absolute  humidity  (6-11 
g/m^),  and  the  data  points  shown  in  the  fig¬ 
ure  are  the  result  of  an  attjm.pt  to  reduce 
nil  the  observations  to  attenuation  values 
representative  of  the  mean  conditions.  This 
was  done  on  the  assumption  that  the  observed 
excess  absorption  depended  on  water  vapor 
density  ,.nd  on  temperature  in  the  same  way 
that  it  aid  for  laboratory  measurements  of 
water  vapor.  Only  the  value  of  the  exponent 
E  was  left  as  a  free  parameter  to  be  fit  to 
the  data.  It  turned  out  that  the  excess 
attenuation  was  poorly  correlated  with  values 
of  the  water  vapor  density,  ana  the  measure 
of  this  variability  shown  was  larger  than  the 
instrumental  noise.  Moreov  r,  the  tempera¬ 
ture  dependence  appeared  to  be  steeper  than 
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that  found  in  the  laboratory.  For  these  rea¬ 
sons,  the  large  mean  excess  attenuation  found 
in  the  lbove  measurements  of  the  atmosphere 
cannot  be  attributed  to  absorption  by  water 
vapor  in  equilibrium. 

&.  CONCLUSIONS 

Although  excess  absorption  observed  in 
laboratory  studies  of  water  vapor  in  equillb- 
riun  is  like  the  absorption  expected  from 
dimers  as  regards  the  over-all  absorption 
level  and  its  temperature  dependence,  present 
knowledge  of  dimer  structure  does  not  give  a 
good  prediction  of  the  shape  of  the  excess 
spectrum.  Further  theoretical  attention 
should  be  given  to  whether  internal  rotation 
significantly  affects  the  structure  and  spec¬ 
trum  of  diners  at  normal  temperatures.  It  is 
not  now  known  whether  unbound  molecular  pairs 
can  aecour,  for  a  significant  part  of  the 
excess  absorption  found  in  the  laboratory. 
Finally,  an  attempt  has  been  made  to  under¬ 
stand  atmospheric  attenuation  of  near  milli¬ 
meter  waves  in  terms  of  the  absorption  by 
water  vapor  in  equilibrium,  but  it  has  not 
been  possible  to  explain  the  mean  level  of 
observed  attenuation  in  this  way.  Perhaps  of 
greater  significance  is  the  unexplained 
variability  in  the  atmospheric  attenuation. 
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A  RADAR  SYSTEM  ENCINEER  LOOKS  AT  CURRENT  MILLIMETER-SUBMILLIMETER 
ATMOSPHERIC  PROPAGATION  AND  RADARS 


Stephen  L.  Johnston 

US  Army  Missile  Research  and  Development  Command 
Redstone  Arsenal,  Alabama 


ABSTRACT 

Numerous  reviews  have  been  made  o£  theo¬ 
retical  atmospheric  propagation  characteristics 
in  the  millimeter  and  sufcmillimeter  regions. 
Additionally,  extensive  experimental  atmospheric 
propagation  measurements  have  been  made  in  these 
regions.  These  have  generally  been  made  for  pur¬ 
poses  other  than  radar  systems  design.  It  would 
appear  that  the  propagation  community  may  not 
have  a  sufficient  appreciation  for  the  needs  of 
the  radar  system  design  engineer.  This  paper 
will  set  forth  the  general  atmospheric  propaga¬ 
tion  nquirements  of  a  millimeter /submillimeter 
radar  system  design  engineer.  These  require¬ 
ments  include  much  more  than  mere  atmospheric 
absorption/attenuation . 

1.  INTRODUCTION 

The  reader  should  keep  in  mind  the  follow¬ 
ing  IEEE  radar  definition:  An  electromagnetic 
device  for  detecting  presence  and  location  of 
objects.  Object  presence  and  distance  (range) 
determined  by  transmission  and  return  of  electro¬ 
magnetic  energy;  also,  direction  through  use  of 
movable  or  rotating  directive  antenna  pattern. 

This  paper  is  brief  and  consists  essen¬ 
tially  of  the  information  from  the  viewgraphs 
used  in  the  presentation  at  the  workshop  and  a 
bibliography.  It  is  intended  that  a  full  paper 
which  will  include  a  limited  review  of  presently 
existing  mm/smm  propagation  data  will  be  pre¬ 
sented  at  the  IEEE  Electronics  and  Aerospace 
Systems  Conference  (EASCON-79),  Arlington,  VA. , 

Oct  9-11,  1979  and  will  be  published  in  the 
EASCON  Conference  Record. 

The  following  are  suggested  radar  appli¬ 
cations  from  Skolnik  (1970a, b): 

Low-angle  tracking* 

"Secure"  military  radar* 

Interference-free  radar* 

Cloud  sensing  radar* 

High  resolution  radar* 

Imaging  radar 
Ground  mapping 
Map  matching 

Space  object  identification 
Lunar  radar  astronomy 
Target  characteristics 
Weather  radar 

‘Applications  in  which  Skolnik  believed  that  sub- 
millimeter  waves  offer  more  advantage  than  micro¬ 
wave  frequencies.  67 


Clear-air  turbulence  sensor 
Remote  sensing  of  the  environment 
Surveillance 

Target  acquisition,  recognition, 
identification 
Missile  guidance 
Navigation 
Obstacle  detection 
Clutter  suppression 
Fuzes 

Harbor  surveillance  radar 
Airport  surface  detection  radar 
Landing  aids 

Air  traffic  control  beacons 
Jet  engine  exhaust  and  cannon  blast 

2.  RADAR  CHARACTERISTICS 

The  following  are  characteristics  of  a 
"typical"  mm  radar: 

Maximum  application  range 
Maximum  PRF  for  unambiguous  range 
Single  scan  correlation  time 
Pulse  width 
RF  bandwidth 
Antenna  beamwidth 

Conical  scan  frequency 
Angle  of  arrival  measurement  time 

Average  RF  power  output 
Antenna  diameter 
Radar  size 
Power  requirements 

3.  PROPAGATION  EFFECTS 

The  following  19  radar  features  are  in¬ 
fluenced  by  propagation  effects: 

1.  Maximum  range. 

2.  Choice  of  detection  thresholds. 

3.  Type  of  detector. 

4.  Detection  logic. 

5.  Signal  processing  technique, 
b.  Search  scan  rate. 

7.  Antenna  polarization. 

8.  Type  of  angle  measurement:  monopulse/ 
conical  scan. 

9.  Pulse  width  (RF  bandwidth). 

10.  Conical  scan  frequency  choice. 

11.  Doppler  bandwidth. 

12.  Number  of  pulses  intergrated. 


*250  MHZ  for  spread  spectrum  or  frequency 
agility. 


3  km 

50  kHz  (max) 
20  Ms  (min) 
20  ns  (min) 
50  MHz  (max)* 
6-15  mrad 
(.5-1  deg) 
30-100  Hz 
100  S  (K. 
band) 

.1-1W 
.25-1 m 
Breadbox  up 
50  W 


13.  False  alarm  rate. 

14.  Moving  target  indicator  performance. 

15.  Receiver  automatic  gain  control 
characteristics, 

16.  Angle  tracking  accuracy. 

17.  Range  tracking  accuracy. 

18.  Range  gate  width. 

19.  Choice  of  frequency. 

Radar  functions  are  also  influenced  by 
propagation  effects.  The  function  of  detection 
is  affected  by  atmospheric  attenuation,  fluctua¬ 
tion  (scintillation) ,  foliage  attenuation  back- 
scatter,  polarization  variation, fade  depths  and 
durations.  Angle  measurement  is  influenced  by 
angle  of  arrival  variation  due  to  meteorological 
causes,  ducting,  fluctuation  (especially  for 
conical  scan) ,  and  depolarization.  Special 
functions  such  as  imaging  depend  upon  character¬ 
istics  affecting  detection  and  upon  spatial  co¬ 
herence. 

The  following  propagation  effects  on  ra¬ 
dar/guidance  were  obtained  from  D.  Howard  in  a 
private  communication. 

1.  Multipath/forward  scatter. 

a.  '  Modeling  sea/terrain. 

b.  Experimental  measurements: 

-  angle  eirors 

-  signal  fading 

2.  Backscatter  (theoretical  and  experi¬ 
mental)  . 

* 

a.  Rain. 

b.  Sea. 

c.  Terrain. 

3.  Ducting  at  mm  waves. 

4.  Atmospheric/foliage  attenuation. 

a.  Attenuation  in  troposphere: 

-  rain 

-  fog 

-  humid  air 

b.  Near  ocean  surface  moisture  layer. 

c.  Foliage  penetration. 

Propagation  data  requirements  for  radar 
design  ..re  listed  in  alphabetic  order. 

Aerosol  (dusts,  etc.)  characteristics: 

Loss  tangent 
Refractive  index 

Angle  of  arrival  variations: 

Correlation  interval 
Power  spectral  density 

Atmospheric  attenuation: 

Correlation  interval 
Fluctuation  distribution 
Power  spectral  density 


Atmospheric  backscatter 
Foliage  penetration 
Phase  variations 
Polarization  effects 
Surface  phenomena: 

Bistatic  clutter 

Forward  scatter 

Nature  of  surface  roughness 

Decorrelation  time 

Power  spectral  content 

Backscatter  (monostatic) 

4 .  ENVIRONMENTAL  CONSTRAINTS 

Environmental  constraints  for  a  microwave 
radar  have  been  given  by  Barton  (1977),  where  the 
items  in  parentheses  refer  to  references  listed 
in  Barton  (1977) : 

Line  of  sight: 

Horizon  range 

Range-Height-angle  charts  (Blake) 

Terrain  masking  (Geodetic  Survey  Maps) 

Attenuation: 

Clear  atmosphere  (Blake) 

Rain,  clouds, Snow  (Gunn  and  East;  Barton; 

Bean,  Dutton,  and  Warner) 

Clutter: 

Weather  (Gunn  and  East;  Barton;  Bean,  Dutton, 
and  Warner  ) 

Land  and  sea  (Moore;  Skolnik;  Nathanson;  Barton) 
Refraction: 

Tropospheric  bias  (Barton) 

Trophospheric  fluctuation  (Barton  and  Ward) 
Ionsophere  (Barton) 

Ducting  (Bean  and  Dutton) 

Surface  reflection: 

Lobing  (fading)  (Blake) 

Multipath  error  (Barton  and  Ward;  Barton; 

Blake) 

Diffraction: 

Interference  (ECM)  model  (arbitrary  selection) 
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MILLIMETRE  WAVELENGTH  RESEARCH  AT  THE  APPLETON  LABORATORY 


Dr.  Christopher  J.  Gibbins 
S.R.C.,  Appleton  Laboratory 

Ditton  Park,  Slough,  Berks 


ABSTRACT 

This  paper  describes  various  aspects  of 
atmospheric  research  at  millimetre  wavelengths 
being  carried  out  at  the  App]etor.  Laboratory. 
The  work  includes  studies  of  rainfall  atten¬ 
uation.  probing  of  strato-cumulus  clouds  and 
clear-sky  measurements  of  atmospheric  atten¬ 
uation  due  to  resonant  absorption  by  oxygen  ana 
water  vapour.  The  work  spans  a  frequency  range 
from  12  GHz  to  220  GHz. 

i .  INTRODUCTION 

The  propagation  of  millimetre  wavelength 
radio  waves  through  the  Earth’s  atmosphere  is 
influenced  by  two  factors,  non-resonant  absorp¬ 
tion  in  condensed  water,  both  in.  the  form  of 
precipitation  and  clouds,  and  resonant  absorp¬ 
tion  by  molecular  oxygen  and  water  vapour.  In 
order,  for  example,  to  predict  the  performance 
of  a  communication  link  operating  at  millimetre 
vavelengths,  it  is  necessary  to  specify  and 
characterise  the  effects  of  both  these  types  of 
attenuation. 

The  attenuation  caused  by  rainfall 
increases  mor.otonically  with  frequency  up  to 
about  100  GHz,  above  which  it  tends  to  become 
independent  of  frequency,  except  at  low  rain¬ 
fall  rates;  it  will  generally  be  the  major 
factor  affecting  the  reliability  of  practical 
communication  links  operating  m  the  frequency 
range  up  to  300  GHz.  To  plan  such  links,  it  is 
clearly  desirable  to  have  comprehensive  infor¬ 
mation  on  the  relationship  between  attenuation 
and  rainfall  characteristics,  particularly 
-hose  between  a‘ tenuation  over  a  link  several 
kilometres  long  and  rainfall  measured  at  a 
single  point,  because  it  is  in  this  form  that 
most  long-term  rainfall  records  exist.  Statis¬ 
tical  information  on  the  distribution  of 
different  levels  of  attenuation  is  also  of 
great  value. 

Attenuation  due  to  non-precipitating  cloud 
is  also  important  along  slant  paths,  as,  for 
example,  ir.  an  Sarth-to-satellite  communication 
link". 

At  certain  frequencies,  the  attenuation  of 
radio  waves  by  the  atmosphere  is  very  nigh,  due 
to  resonant  absorption  m  molecules  of  oxygen 


and  water  vapour.  Molecular  oxygen  has  a  spec¬ 
trum  comprising  many  rotational  (fine  struc¬ 
ture)  transitions  near  60  GHz,  which  are 
pressure  broadened  to  form  a  continuum  absorp¬ 
tion  band  from  about  55  to  65  GHz,  together 
with  a  single  isolated  transition  at  1'9  GHz. 
The  water-vapour  spectrum  is  very  complex,  but 
m  the  millimeter  wave  region  it  is  character¬ 
ised  by  a  weak  absorption  line  at  22  GHz,  a 
very  strong  absorption  line  at  l8j  GHz,  and  an 
absorption  continuum  caused  by  the  pressure 
broadened  wings  of  these  and  the  many  infra-red 
absorption  lines.  The  resulting  attenuation  is 
variable,  both  in  space  and  time  due  to  vari¬ 
ations  m  the  distribution  of  water  vapour 
molecules,  and  also  because  the  absorption 
spectrum  of  water  vapour  is  not  fully  under¬ 
stood. 

Several  groups  at  the  Appleton  Laboratory 
are  currently  studying  the  various  interactions 
between  electro-magnetic  radiation  at  milli¬ 
metre  wavelength  and  the  phenomena  described 
above,  using'  both  iine-of-sight  transmission 
links  and  passive  radiometry,  coupled  with 
measurements  of  meteorological  parameters. 

This  paper  describes  some  of  the  results 
obtained. 

2.  ATTENUATION  DUS  TO  RAIN 

2.'  Attenuation  -  Rainfall  Relationships 

Tne  attenuation  due  to  rainfall  depends 
primarily  on  two  parameters,  the  distribution 
of  size  and  density  of  the  ram  drops,  and  the 
rainfall  rate.  Large  variations  m  drop-size 
distributions  occur  not  only  for  different 
types  of  rain,  but  also  during  a  single  rain¬ 
fall  event.  However,  average  distributions 
have  been  found  applicable  for  three  different 
types  of  ram  -  drizzle,  widespread  and 
thunderstorm  (Joss  et  al. ,  1968),  which  relate 
the  number  o:  drops  per  unit  volume  per  unit 
diameter  to  the  rainfall  rate.  Simultaneous 
measurements  of  attenuation  and  rainfall  rate 
will  thus  provide  valuable  information  on  the 
mteraction  between  radio  waves  and  ram  drops. 

Measurement  of  rainfall  rate  requires  a 
rapid-response  ramgauge  capable  of  yielding 
near-instantaneous  rainfall  rates  up  to 
200  mm  n-'.  Correlations  of  attenuation  with 
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ruinfall  rate  measured,  for  example,  with  a 
tipping-bucket  raingauge  with  a  slow  response 
time  will  produoe  scatter  in  the  data,  as  shown 
in  Figure  1,  where  the  attenuation  on  a  7,5  km 
long  36  GHz  link  is  plotted  against  rainfall 
rate  from  raingaugea  with  a  response  time  of 
two  minutes,  spaced  1  km  apart.  To  reduce  this 
scattor,  a  rapid-response  raingauge  has  been 
Developed  by  Norbury  and  White  (1971),  with  a 
response  time  of  10  seconds.  The  same  data  as 
shown  in  Figure  1,  correlated  with  rainfall 
rate  measured  with  this  type  of  raingauge,  is 
shown  in  Figure  2,  demonstrating  the  consider¬ 
able  reduction  in  scatter  when  near-instan¬ 
taneous  rainfall  rates  are  measured. 

ATTENUATION  (J6CH1) 


Figure  1  :  Attenuation  at  36  GHz  versus  rain¬ 
fall  rate  measured  with  response 
time  of  2  minutes. 


Using  four  such  raingaugea,  the  atten¬ 
uation  over  a  220  m  path  at  36  GHz  and  110  GHz 
hao  been  studied  by  Zavody  and  Harden  (1976), 
in  order  to  develop  a  model  for  predicting  tho 
performance  of  communication  links  operating  at 
millimetre  wavelengths,  either  from  theory  or 
by  extrapolation  from  lower  frequency  data. 
Figures  3  and  4  show  measured  values  of  atten¬ 
uation  at  36  and  110  GHz,  as  a  function  of 
measured  rainfall  rates.  The  theoretical 
curves  have  beer,  calculated  for  drop-size 
distributions  of  Laws  and  Parsons  (1945)  and 
Joss  et  al.  (1968)  for  three  types  of  rain, 
assuming  vertical  polarization,  and  oblate 
spheroidal  drops  falling  with  terminal 
velocity.  At  36  GHz,  the  agreement  between 
experiment  and  theory  is  good,  and  is  better 
than  using  theoretical  calculations  assuming 
spherical  drops.  The  effects  of  different 
drop-size  distributions  are  small,  and  it  is 
not  possible  to  distinguish  experimentally 
these  differences. 
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Figure  2  :  Attenuation  at  3 6  GHz  versus  rain¬ 
fall  rate  measured  with  response 
time  of  20  seconds. 


Figure  3  :  Variations  of  attenuation  at  36  GHz 
with  rainfall  rate. 

Experimental  values  (10  s  averages) 
.  miscellaneous  events 
X  warm  front  event 
A  leading  edge  of  Thundery  shower 
•  trailing  edge  of  thundery  shower 
Theoretical  values  for  different 
drop  size  distributions: 

_  Laws  and  Parsons 

------  "thunderstorm") 

-  .  -  .  -  "widespread"  ) 
"drizzle"  ) 


Joss 
et  al. 


At  110  GHz,  however,  the  attenuation  at  a 
given  rainfall  rate  is  more  dependent  on  drop 
sizes,  as  both  experimental  and  theoretical 
values  show  in  Figure  4.  Data  from  two  events 
have  been  distinguished  to  indicate  this. 

Points  denoted  by  crosses  (X)  are  from  an  event 
when  a  weak  warm  front  passed  over  the  links, 
containing  an  unusually  high  proportion  of 
small  drops  at  rain  rates  exceeding  15  mm  hr”1. 
The  triangles  (A)  are  data  from  the  leading 
edge  of  a  thundery  shower,  and  the  circles  (•) 
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are  from  ita  trailing  edge.  The  reduction  in 
drop  sizes  from  leading  to  trailing  edges  is 
common,  and  is  confirmed  by  significantly 
higher  attenuation,  for  a  given  rainfall  rate, 
in  t'he  leading  edge  compared  with  the  trailing 
edge. 


Figure  4  :  Variation  of  attenuation  at  110  GHz 
with  rainfall  rate.  Key  as  in 
Figure  3. 


A  significant  number  of  the  data  fall  out¬ 
side  the  limiting  curves  calculated  from 
theory.  Hie  causes  for  this  are  thought  to  be 
that  the  actual  drop-size  distribution^ 
differed  from  those  assumed,  the  drop 
velocities  diverged  from  the  still-air  values 
or  the  sampling  of  rain  was  inadequate.  At 
110  GHz,  small  drops  are  important  in  the  total 
attenuation,  and  such  drops  may  be  ‘affected  by 
up-draughts  or  down-draughts  leading  to  errors 
in  the  drop-size  distributions  assumed. 

Hainfall  attenuation  at  110  GHz  has  been 
studied  by  Harden,  Llewellyn-Jones  and  Zavody 
(1975)  using  two  simultaneous  transmission 
links,  one  with  a  2.65  km  path,  the  other  with 
a  path  of  215  m.  Attenuation  on  the  short  link 
will  often  be  caused  by  one  part  of  a  rain 
cell,  and  this  can  be  considered  to  indicate 
"attenuation  at  a  point".  For  events  where  the 
rain  cell  is  moving  along  the  link,  some  esti¬ 
mate  can  be  made  of  how  far  spatial  variations 
in  rainfall  intensity  are  retained  as  the  cell 
moves  along  the  path. 

Figure  5  shows  a  comparison  of  atten¬ 
uation,  averaged  over  36  seconds,  observed  on 
the  2.65  km  path,  with  the  corresponding  atten¬ 
uation  derived  from  the  short  215  m  path, 
obtained  by  smoothing  and  shifting  in  time  to 
obtain  the  best  fit  to  a  45°  straight  line. 

The  smoothing  time  of  the  ehort-link  data  is 
dependent  on  the  speed  with  which  the  rain  cell 
is  moving  along  the  link,  and  for  the  data 


shown  in  Figure  4,  the  smoothing  time  indicated 
by  the  best  fit  agreed  well  with  that  expected 
from  the  estimated  wind  speed.  The  results  of 
such  short  and  long  link  comparisons  indicate 
that  for  cases  when  the  wind  direction  is  along 
the  2.65  km  path,  the  structure  of  rain  is 
substantially  retained  during  its  movement  over 
that  distance. 


obMrvtd  crtttnuotion,  dB 


Figure  5  •  Comparison  of  rainfall  attenuation 
at  110  GHz  observed  on  2.65  km 
path  with  that  derived  from 
attenuation  on  215  m  path. 


For  south-east  England,  where  significant 
attenuation  is  caused  by  rain  from  a  variety  of 
weather  types  Harden,  Llewellyn-Jones  and 
Zavody  (1975)  reasonably  good  agreement  is 
found  using  the  Laws  and  Parsons  drop  size 
distribution,  assuming  spheroidal  drops,  to 
predict  values  of  attenuation  at  low  fre¬ 
quencies.  Above  100  GHz,  however,  variations 
are  so  great  from  one  rain  event  to  another, 
and  during  individual  events,  that  other 
statistical  distributions  of  drop  sizes  are 
needed  to  estimate  the  spread  in  attenuation 
levels  from  the  mean. 

2.2  Statistical  Studies 

The  reliability  of  communication  links, 
either  horizontal  or  on  an  Earth-space  path,  is 
largely  determined  by  the  attenuation  caused  by 
rain  and  cloud,  and  statistics  of  this  atten¬ 
uation  are  important  in  system  planning. 

Studies  using  the  horizontal  links  des¬ 
cribed  in  Section  2.1  have  shown  that  the 
probability  distribution  of  attenuation  at 
110  GHz  on  a  2.65  km  path  is  essentially  log¬ 
normal  Harden,  Llewellyn-Jones  and  Zavody, 

( 1975),  except  at  very  high  attenuation  levels, 
where  the  sample  of  data  becomes  small. 

Further,  the  distribution  of  the  duration  of 
fades  and  the  time  between  fades  is  also  log¬ 
normal.  Comparisons  of  measured  statistical 
distributions  of  attenuation  and  those  derived 
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from  distributions  of  rainfall  rates  covering 
the  same  perioi  have  shown  that  drop-sice  dis¬ 
tributions  are  important,  but  that  in  general 
good  agreement  is  found. 

Attenuation  along  slant  paths  at  a  number 
of  frequencies  has  been  studied  using  passive 
radiometric  techniques.  Satistical  probability 
distributions  of  attenuation  at  12,  19,  37  and 
7'  GHr  have  beer,  obtained  using  sun-trackir.g 
Dicke-type  radiometers  Davies  0975)-  figure  6 
presents  a  summary  of  the  excess  attenuation 
caused  bv  rain  as.d  cloud  over  all  elevation 
angles  from  0°  to  62°.  The  GHz  data  refer 
mainly  to  summer  months,  when. large  attenuations 
can  occur  due  to  thunderstorms.  An  estimated 
distribution  for  71  GHz  more  appropriate  to 
longer-term  periods  is  also  shown  in  Figure  6, 
obtained  using  concurrent  measurements  at  37  and 
7'  GHz,  and  normalising  to  the  longer  tern  dis¬ 
tribution  at  *7  C-H-.  All  these  data  were 
obtained  using  sun-tracking  radiometers,  and  may 
thus  be  subject  to  any  d.urr.al  effects  in  rain¬ 
fall  distribution.  However,  a  study  was  made  of 
the  meteorological  conditions  producing  the  most 
intense  fades,  and  this  showed  that  these  events 
are  equally  likely  to  occur  by  day  or  by  night. 
The  data  are  thus  regarded  as  representative  of 
those  which  would  be  obtained  by  continuous 
monitoring. 


ftrcantopi  0*  ottefktthon  srefcnaH  »qO* 

Attenuation  Statistics  from  Sun-Trocking  Rodiometers  at  Slough 

re  6  •  Statistics  of  attenuation  obtained 
with  sun-tracking  radiometers. 


Statistical  distributions  of  attenuation  as 
"0  GHz  have  also  been  obtained  by  Gibbins  t'9?“ 7 
using  a  zenith  pointing  radiometer  measuring 
atmospheric  emission  to  obtain  attenuation  data. 
Those  results  showed  that,  in  south-east 
England .  a  zenith  attenuation  of  “0  cB  is  ex¬ 
ceeded  approximately  il  of  the  time. 

t.  THE  EFFECTS  OF  CLOUDS 

The  additional  contribution  to  attenuation 
which  clouds  can  cause,  compared  with  clear  sky 
values,  is  of  importance,  for  example,  m  radio 
astronomy  ar.d  possibly  m  space  communication 
systems.  To  study  these  effects,  ground -based 
Dicke  radiometers  operating  at  several 
frequencies  between  22  and  'JO  G.uz  have  been 
used  to  measure  emission  noise  at  vertical 


incidence  from  various  types  of  cloud.  The 
additional  attenuation  caused  by  cloud  was 
derived  from  these  emission  measurements. 

Figure  7  shows  an  example  of  data  obtained  at 
22,  95  and  123  GHz,  ar.d  indicates  that  the 
attenuation  in  clouds  increases  with  frequency, 
and  that  appreciable  attenuation  can  occur  aoove 
100  GHz  ir.  cumulo-nimbus  cloud.  Other  types  of 
cloud,  however,  such  as  stratocumulus  or  small 
fair-weather  cumulus,  produced  an  additional 
attenuation  of  no  more  than  1  d5  even  at 
ISO  GHz. 
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Figure  "  : 


Measurements  of  emission  noise 
temperature  s.  the  zenith,  showing 
the  effects  of  clouds  at  different 
frecuencies. 


It  has  beer,  shown,  for  example,  by 
Westwater  l'9?S),  that  ground-basec  microwave 
radiometry  can  be  used  to  determine  the  liquid 
water  content  of  clouds.  There  is  considerable 
interest  in  determining  the  amount  of  liquid 
water  in  clouds,  ir.  order,  for  example,  to 
predict  ir.  real-time,  the  transmission  of  milli¬ 
metre  wavelength  ar.d  infra-red  signals  through 
the  atmosphere,  and  also  for  basic  meteorologi¬ 
cal  studies  of  the  formation  and  development  of 
clouds. 

A  ground-based  radiometer  at  95-  GHr.  has 
beer,  used  to  obtain  values  for  the  total  liquid 
water  content  of  strato-cumulus  clouds.  Sim¬ 
ultaneous  with  these  measurements,  the  Meteoro¬ 
logical  Office  has  measured  the  size  distri¬ 
bution  of  water  idropiets  in  the  cloud,  using  a 
Knollenoerg  instrument  suspended  from  a  tethered 
balloon.  By  integrating  this  data  thiough  the 
clouds,  values  are  obtained  for  the  total  liquid 
water  content.  Preliminary  comparisons  between 
the  two  techniques  indicate  good  agreement 
between  the  passive  ground-based  radiometer  and 
the  in— situ  measurements. 

GLEAM  SKY  HSASU3SMSNTS  OF  ATMOSPHERIC 
ATTENUATION 

Absorption  due  to  Oxygen 
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number  of  frequencies  between  22  GHz  and 
220  GHz,  by  measuring  atmospheric  emission  on 
clear-sky  days  for  a  :ar.ge  of  water- vapour 
densities.  By  plotting  the  derived  values  of 
attenuation  against  surface  water-vapour 
density  or  the  total  precipi table  water  vapour 
obtained  from  radiosonde  measurements,  it  is 
possible  to  sera rate  the  attenuation  due  to 
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The  data  ir.  Figure  8  have  beer,  used  to 
study  the  shape  ar.d  width  of  the  oxygen  line  at 
-  -  z  Ghz.  .Vo  line  shaves  were  used,  that 
derived  by  Van  Meek  and  ■■•eisskopf  (1945)  and 
that  derived  by  Gross  '955-  ar.d  Zhevakir.  and 
Naumov  '  ~-6 ; .  The  naif-width  parameter  2i* 
for  the  ' ‘9  GHz  oxygen  line  was  allowed  to  vary 
m  calculations  using  these  two  line  shapes, 
with  the  value  of  2r  for  the  60  GHz  oxygen 
lines  obtained  by  Heber  . "Q7- - -  The  best  fit 
to  the  data  was  obtained  with  the  Gross  line 
shape,  ar.d  a  value  A'-’  -  2.20  KHz  torr-1  for  the 
“*?  GHz  oxygen  line  m  the  atmosphere,  camoarec 
with  earlier  laboratory  measurements  of  ' . to 


.37  KH- 


torr" 


-.2  »bsomtion  due  to  '.■'ater  Vanour 

The  absorption  at  the  zenith  due  to  atmos- 
nheric  water  vanour  has  beer,  studied  at  a 


is  plotted  against  total  precipitable  water 
vapour.  The  factor  0.95  in  values  of  preci- 
pitabl*»  water  vapour  arises  from  the  fact  that 
the  radiosonde  used  to  provide  this  data  is 
located  about  50  miles  from  the  Appleton 
Laboratory.  -scissions  with  the  Meteoro¬ 
logical  Office  indicated  this  correction  factor 
was  required  to  apply  the  radiosonde  data  to 
the  Slough  site.  The  factor 
correction  factor  for  the  sic- 


.fit 


ls  a 


lobes  of  the 
norr.  antenna  used  in  the  22  GHz  radiometer. 
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F-. cure  v  :  Measurements  of  clear-sky  zenith 
attenuation  at  22  GHz.  cB.  versus 
total  precipitable  water  vapour,  mm. 
See  text. 

A  least  squares  fit  to  this  data  yielded 
the  relation,  for  the  attenuation  m  dB  at 
22  GHz. 


i  measure-: 
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where  W  is  the  total  precipitable  water  vapour 
in  cm;  the  correlation  coefficient  was  0,82. 

The  experimental  results  have  been  com¬ 
pared  with  calculated  values  of  attenuation, 
obtained  from  a  computer  model,  using  the 
radiosonde  data,  and  including  ■-•6  oxygen  lines 
ar.d  ” 1 0  water-vapour  lines  between  22.2  ar.d 
600C  GHz.  At  22  GKz,  the  calculated  atten¬ 
uation  was 

■/(calculated  '  =  0.2--  -  0.0-5. 
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Comparison  between  these  two  relationships 
indicates  that  the  constant  term,  duo  to 
oxygen,  is  in  good  agreement  with  theory,  and 
the  water-vapour  attenuation  is  about  two 
standard  deviations  higher  than  the  theoretical 
value.  This  is  not  regarded  as  significant. 

Similar  analyses  of  data  obtained  at 
95  OH?,,  110  GHz,  123  GHz ,  and  150  GHz  all 
indicated  good  agreement  between  experiment  and 
theory  for  the  constant  oxygen  component  of 
attenuation.  Except  at  110  GHz,  the  corre¬ 
lations  obtained  in  least  squares  fitting  were 
good,  being  between  O.85  and  0.91 •  At  110  GHz, 
however,  the  correlation  coefficient  was  only 
0.39,  and  comparisons  between  experiment  and 
theory  are  difficult  because  of  the  large 
scatter  in  the  data;  it  is  not  known  if  the 
scatter  is  a  real  effect,  and  further  work  is 
in  progress  to  determine  this. 

The  measured  water-vapour  attenuations  at 
the  other  frequencies,  however,  were  all  in 
excess  of  calculated  values.  At  95  GHz,  the 
excess  attenuation  amounted  to  about  40%,  and 
was  5  standard  deviations  above  theory.  At 
123  GHz,  an  excess  of  63%  was  measured  (3° 
difference),  at  150  GHz  the  excess  attenuation 
was  kj%  (3 °  difference)  and  a  limited  amount  of 
data  at  220  GHz  indicated  an  excess  of  50  -  6<$. 
Similar  results  were  obtained  when  the  atten¬ 
uation  data  were  correlated  with  surface  water 
vapour  densities. 

The  excess  attenuation,  i.e.  the  resi¬ 
duals,  Y(measured)  -  Y(calculated),  was 
examined  to  see  if  it  bore  any  relation  to 
relative  humidity,  to  water  vapour  density  p 
and  to  the  square  of  water-vapour  density,  p2. 
For  relative  humidity,  only  the  data  at  110  ana 
150  GHz  exhibited  a  correlation  coefficient 
significantly  different  from  zero.  Correlation 
between  the  excess  attenuation  and  p  and  p2  was 
weak  at  22.2  and  150  GHz,  but  much  stronger  at 
95  and  123  GHz.  In  no  case,  however,  was  it 
possible,  because  of  the  scatter  in  the  data, 
to  distinguish  between  a  p  or  p2  dependence. 

The  data  above  are  still  being  analysed, 
but  the  conclusion  is  that  there  is  clear 
evidence  for  excess  attenuation  due  to  atmos¬ 
pheric  water  vapour,  compared  with  that  expected 
from  the  simple  water-vapour  molecule,  parti¬ 
cularly  at  the  higher  frequencies.  Such  an 
effect  has  also  been  observed  in  the  infra-red 
region  e.g.  Emery  et  al.,(1975),  and  has  been 
attributed  to  absorption  by  water-vapour 
complexes,  in  particular,  the  dimeric  molecule. 
Absorption  by  dimers  would  produce  a  square-law 
dependence  of  attenuation  on  water-vapour 
density,  and  there  is  some  evidence  in  the 
present  data  for  such  a  relationship,  although 
it  is  not  conclusive. 

5.  SUMMARY  AND  ACKNOWLEDGEMENTS 

This  paper  has  reviewed  some  of  the  work 
currently  in  progress  at  the  Appleton 
Laboratory  in  the  millimeter  wavelength  region. 


The  work  encompasses  studios  of  rainfall  atten¬ 
uation,  of  particular  relovance  to  the  design 
of  communication  links  operating  at  high  fre¬ 
quencies,  remote  sensing  studies  of  clouds,  and 
measurements  of  the  fundamental  absorption  by 
atmospheric  molecules  of  oxygen  and  water 
vapour,  aimed  towards  a  greater  understanding  of 
the  physics  of  the  interaction  between  these 
molecules  and  electromagnetic  radiation'.  It  is 
clear  from  the  work  already  done  that  there  is 
still  much  to  learn,  in  particular,  about  the 
characteristics  of  rainfall  and  also  the 
behaviour  of  the  water-vapour  molecule. 
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ABSTRACT 

Submilllmeter  waves  propagating  through 
fog  are  attenuated  by  fog  droplets  and  by  water 
vapor.  F.xtlnctior.  by  fog  droplets  depends  upon 
the  wavelength  of  the  energy,  the  complex  index 
of  refraction  of  the  drops  for  that  wavelength, 
and  the  drop-size  distribution.  A  thorough  lit¬ 
erature  survey  of  fog  drop-size  distributions 
throughout  the  world  is  discussed,  and  data  from 
36  references  are  summarized.  A  representative 
sample  of  data  is  used  to  compare  propagation 
of  870  and  1250  pm  with  the  infrared  wavelength 
of  10.6  pm.  At  the  subaillimeter  wavelengths 
attenuation  by  water  vapor  is  usually  larger 
than  attenuation  by  fog  droplets,  but  in  the 
infrared  droplets  make  the  dominant  contribution 
and  the  attenuation  by  water  vapor  is  almost 
negligible. 

1.  INTRODUCTION 


This  paper  compares  attenuation  of  the 
submilllmeter  wavelength  S70  pm  with  attenua¬ 
tion  of  0.55  pm  in  the  visible,  10.6  pm  in  the 
infrared  and  1250  p  a  near  I  mm  during  fog.  Fog 
exists  when  the  atmosphere  contains  a  suspended 
aggregate  of  very  small  water  drops  which  re¬ 
duce  the  horizontal  visibility  to  cne  km  or  less 
near  the  surface.  These  conditions  of  low  visi¬ 
bility  are  important  to  the  Army  because  they 
occur  frequently  in  Central  Europe  (Essenwanger, 
1973).  The  graph  in  Fig.  1  shows  the  frequency 
distribution  of  fog  in  the  early  morning  hours 
by  season  for  ten  stations  in  Germany  Fog  oc¬ 
curs  most  frequently  during  fall  and  second 
most  frequently  during  winter  at  most  stations. 
Fulda  has  fog  25  per  cent  of  the  time  during 
early  morning  hours  In  fall. 

Fog  Is  formed  by  a  variety  of  meteorolog¬ 
ical  processes.  When  the  ground  loses  heat  at 
night  by  radlational  cooling  through  a  clear 
atmosphere,  radiation  fog  forms  if  the  air  cools 
enough  to  become  supersaturated.  Advection  fog 
is  fog  which  forms  when  warm,  moist  air  moves 
across  water  or  land  which  has  a  lower  tempera¬ 
ture.  Frontal  fog  is  associated  with  a  frontal 
passage.  It  may  be  caused  by  rain  falling  into 
cooler  air  or  by  mixing  of  different  air  masses 
near  the  frontal  zone.  Some  authors  call  the 
former  an  evaporation  fog  and  the  latter  a  mix¬ 
ing  fog.  An  upslope  fcg  is  formed  when  air 
flows  upward  over  rising  terrain  and  cools  adi- 
abatically  below  the  dev  point.  Steam  fog, 
which  is  also  called  evaporation  fog,  is  formed 
when  cold  air  moves  over  a  warmer  body  of  water 
or  when  warn  rain  falls  through  a  layer  of 
colder  air. 


Fig.  1.  Frequence-  of  Visibility  <  1  km 
at  0600  GKT. 


2.  COMPUTATIONAL  PROCEDURE 


When  electromagnetic  energy  propagates 
through  an  atmosphere  which  contairs  particles, 
the  extinction  coefficient  (v-hich  is  also  called 
the  attenuation  coefficient)  is  given  by  the  fol¬ 
lowing  formula: 


o 


(WiV 


(1) 


where  r^  is  the  radius  of  particles  which  have 
an  extinction  efficiency  factor  (Q  (also 

called  the  relative  extinction  coefficient  or  the 
normalized  extinction  cross  section).  (QexJ.)jis 

.  dimensionless  function  of  drop  size,  wavelength 
of  electromagnetic  energy,  and  complex  index  of 
refraction  for  the  given  wavelength  and  particle 
material.  Nj  is  the  number  of  particles  per  cubis 
unit  of  length  of  radius  rj.  The  extinction  co¬ 
efficient  c  is  in  units  of  inverse  length.  If  O 
is  in  units  ot  m-*,  the  attenuation  in  dB/km  may 
be  obtained  by  multiplying  by  4343. 


All  computations  in  this  paper  are  based  on 
the  theory  of  Mie  (1908),  and  the  assumption  is 
made  that  fog  consists  of  spherical  pure  water 
drops.  Fig.  2  is  a  conventional  graph  of  Qcxt 

for  0.55  um  and  10.6  urn  versus  the  parameter 
o  =  2  z  r/X  where  X  is  the  wavelength  of  electro- 
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magnetic-  energy.  This  conventional  graph  does 
not  illustrate  the  effect  of  fog  drop  size  on 
rhe  relative  extinction  of  different  wavelengths 
as  well  as  Fig.  3  where  Q  ^  is  plotted  against 

radius.  One  sees  that  for  droplets  with  radii 
greater  than  10  ym,  energy  of  10.6  uc  is  at¬ 
tenuated  more  than  visible  energy.  Fog  drop¬ 
lets  cause  much  less  attenuation  for  the  sub- 
millimeter  wavelength  of  S70  u  m.  Further  de¬ 
tails  of  the  computation  cav  be  tound  in  Stewart 
(1977). 


Fig.  2.  Qext  versus  at-  2 z  r/\>  for 
0.55  and  10.6  !is. 


iWwi 


Qcxt  versus  radius 
0.55,  10.6  and  870 


of  May's  (Ip61)  measurements  were  taken  from 
the  same  position  at  the  side  of  a  building  on 
open  Salisbury  Plain  in  England,  and  the  same 
measuring  technique  was  used.  In  9  of  the  28 
fogs  which  May  studied  the  maximum  droplet  ra¬ 
dius  was  greater  than  53  ym,  but  in  II  fogs 
the  maximum  radius  was  less  than  2S  Um.  One 
fog  had  a  minimum  radius  of  Sum,  and  another 
had  a  maximum  radius  of  7.5  um.  Three  distri¬ 
butions  had  median  radii  less  than  0.5  ya  while 
one  had  a  median  radius  of  15  ym.  0 renew  (I960) 
and  Goodman  (1977)  showed  that  much  cf  the  vari¬ 
ation  in  a  given  location  can  be  explained  by 
the  origin  of  the  air  mass  in  which  a  fog  forts. 
Me scares  (1965)  and  Jiusto  (196.4)  concluded  that 
on  the  average  droplet  radii  in  radiation  fogs 
are  smaller  th.3n  those  in  advention  fogs. 

Chisholm  and  Kruse  (1974)  made  mescscsle  measure¬ 
ments  of  visibility  at  L.  G.  Eanscom  Field  in 
Massachusetts,  and  they  found  that  temporal  and 
spatial  variability  was  muck  greater  in  t dela¬ 
tion  fogs  than  in  adveetion  fogs. 

The  preceding  discussion  applies  to  obser¬ 
vations  near  the  surface.  Very  few  observations 
exist  for  higher  levels,  but  in  one  case  Okita  _ 
(1962)  observed  a  liquid  water  content  of  1»6  g/m 
at  a  height  of  50  m.  Rogers  et  al.  (1974)  al?o 
found  that  average  and  maximum  liquid  water  con¬ 
tent  increased  with  height,  but  at  42s  the 
largest^  measured  liquid  water  content  was  only 
0.4  g/m-.  Stalenhoef  (1974)  found  that  slant 
visibility  from  40  s  was  normally  less  than  hor¬ 
izontal  visibility  at  2  m.  Fiiie  et  al.  (1975a, 
b)  discovered  that  the  broadest  drop-size  dis¬ 
tributions  occurred  near  the  surface.  Finr.ick 
et  al.  (1978)  found  significant  vertical  in¬ 
creases  in  concentration  of  droplets  with  radii 
greeter  than  4  y=  up  to  an  altitude  cf  150  m. 

4.  COMPUTED  ATTESTATION'S 

Attenuations  Ir.  fogs  were  computed  for  the 
wavelengths  0.55,  10.6,  S70.  and  1250  ym.  Drop- 
size  distributions  were  taken  from  the  following 
six  articles:  Eldridge  (1966);  Garland  (1971); 
Garland  et  al.  (1973);  Kumai  (1973);  Pedersen 
and  Todsen  (1960);  and  Fiiie  et  al.  (1975b). 

The  complex  index  of  refraction  of  water  for 
0.55  um  was  taken  from  Kale  and  Querry  (1973), 
and  the  value  for  10.6  um  was  interpolated  from 
a  table  in  the  same  article.  Davies  et  si.  (1970) 
made  seasur events  from  which  the  index  of  re¬ 
fraction  of  water  for  1250  Um  could  be  computed, 
3r.d  interpolation  f ton  their  data  was  necessary 
to  obtain  the  value  for  S70  us. 


3.  DSC?  SITES  IS  FOGS 

Table  1  summarizes  an  extensive  literature 
survey  of  measurements  of  drop  sizes  in  fog  near 
the  surface  of  the  earth.  Limitations  of  space 
prevent  a  thorough  discussion  of  each  set  of 
measurements. 

Although  some  of  the  variations  among  the 
results  of  different  investigators  may  be  caused 
by  biases  in  different  methods  of  measurement, 
this  cannot  explain  all  the  differences.  Further¬ 
more,  difference  in  geographic  location  does  not 
account  for  all  differences.  For  example,  all 


Pigs.  4-7  illustrate  some  of  the  results 
of  the  computations.  There  is  a  great  deal  of 
scatter  of  the  data  in  Fig.  4  which  shows  the 
relationship  between  attenuation  cf  visible  and 
infrared  energy.  An  attenuation  of  50  d5/kn  at 
10.6  um  can  be  associated  with  visibilities 
considerably  less  than  100  m  or  over  300 
correla  .on  of  attenuations  by  fog  droplets  at 
0.55  and  10.6  um  is  only  0.61.  Fig.  5  illus¬ 
trates  the  relation  of  visible  and  1250-um 
attenuation,  and  the  cos  relation  between  the  two 
attenuations  i$  only  0.49.  Fig.  6  shows  that 
10.6-1.5  attenuation  by  fog  droplets  is  more 
closely  related  to  1250-um  attentuaticn  than  to 
0.55-us  attenuation.  The  correlation  of  the 


Table  1.  Summary  of  Measurements  of  Fog  Droplet  Radii  Near  The  Surface 


Source 

Typical  Radii 
(Um) 

Maximum  Radius 
(U  m) 

Miscellaneous  Information 

Arnulf  et  al.  (1957) 

2.5 

15 

France 

Best  (1951) 

5  to  12 

40 

From  earlier  work  by  Hagemann 

Cong  and  Dessens  (1973) 

8  to  10 

22 

Localized  near  plume  from  pulp  mill 

4.5  to  5.2 

17 

Widespread  through  valley 

Deloncle  (1963) 

<  1 

10 

Urban,  near  Paris 

<  0.75 

8 

Mountain  top,  France 

Dickson  et  al.  (1975) 

3.4 

118 

Capistrano,  California 

Donaldson  (1955) 

10  to  25 

100 

Massachusetts 

Eldridge  (1961) 

<  1 

32 

Massachusetts 

Findeisen  (1932) 

1  to  4 

60 

Hamburg,  Germany 

Garland  (1971) 

<  1 

40 

Radiation  fogs,  all  water 

10 

70 

Radiation  fogs,  ice  crystals 

4 

60 

Advection  fogs 

Garland  et  al.  (197T> 

<  0.6 

20 

Radiation  fogs 

Gathman  and  Larson  (1974) 

3  to  9 

64 

Greenland  Sea 

Goodman  (1977) 

3.1 

San  Francisco,  CA  (2  metev 

Gorchakov  (1972) 

5.5  to  1’.5 

Russia 

Gri.now  (1960) 

Mt.  Hohenpeissenberg,  Germany 

1.5 

7.5 

Polar  air 

4  to  7 

12.5 

Maritime  air 

6  to  9 

30 

Continental  air 

Houghton  and  Radford  (1938) 

4  to  35 

65 

Typically  advection  fogs 

Jlusto  (1964) 

5 

17.5 

Radiation 

10 

32.5 

Advection 

Kozima  et  al.  (1953) 

2.5  to  7.5 

55 

Japan 

Kumai  (1973) 

3.5  to  12.6 

65 

Point  Barrow,  Alaska;  Advection 

Kunkel  (1971) 

5  to  10 

45 

Otis  Air  Force  Base 

Low  (1975) 

9  to  13 

21 

Radiation  fog;  Ft.  Rucker,  AL 

4  to  13 

Mix.  _  radiation,  advection;  CA 

Ludwig  et  al.  (1974) 

0.1 

15 

Radiation  fog 

Mack  et  al.  (19/3) 

4  to  8 

21 

At  sea 

May  (1961) 

<  0. 5  to  15 

160 

Salisbury  Plain,  England 

Meszaros  (1965) 

<  0.4  to  10 

43.8 

Budapest,  Hungary:  Radiation 

2  to  13 

101.5 

Advection 

O’tita  (1962) 

6  to  17 

60 

Radiation  fogs  in  Japan 

Pedersen  and  Todsen  (1960) 

<  2 

16 

Oslo,  Norway:  Radiation 

2 

25 

Advection 

Pilie  et  al.  (1975) 

3  to  12 

31 

Chemung  River  Valley,  New  York 

Reinking  (1975) 

3 

7.5 

San  Joaquin  Valley,  California 

Roberts  (1976) 

0.2  to  1.1 

8 

Grafenwohr,  Germany 

Rogers  et  al.  (1974) 

8 

115 

California  Coast 

Rozenberg  (1974) 

5 

Thin 

50 

Medium 

Tag  (1976) 

8 

23 

Panama  Canal  Zone 

Tampieri  and  'i  ,masi  (1976) 

8 

22 

Radiation  fog,  Ttlay 

Thompson  et  al.  (1967) 

10 

34 

Otis  Air  Force  Base 

Tverskoi  (1965) 

1.5 

60 

Radiation  fog 

j 

2 

60 

Evaporation  fog 

j  Wcbo  (1956) 

5  to  19 

70 

Washington,  DC  and  Virginia 
- - - - - - - - 

79 
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data  in  Fig.  6  is  0.9664.  The  correlation  be¬ 
tween  10.6-pm  and  S70-pm  attenuations  by  fog 
droplets  is  0.9668.  Fig.  1  contains  a  plot  of 
870-pm  attenuation  versus  1250-pm  attenuation 
and  the  correlation  between  these  attenuations 
is  0.9873. 


0  20  40  «0  80  100  120  140  ISO  ISO 

ATTENUATION  MB/km)  OF  10.6  urn  RADIATION  BY  WATER  DROPLETS 

Fig.  4.  Plot  of  Visibility  Versus  Attenuation 
at  10.6  yin. 


23 

it 

is 

iS 


2  h 


55 

£3 


2  1  V 


• 

• 

- 

• 

<• 

- 

-  .’aV 

v.  .  •  • 

y* 

•T 

_ si _ a _ 1 _ 1 _ 

1 _ 1 _ 

O  60  100  150  200  260  300  360 

ATTENUATION  IdB/km)  OF  0.55  um  RADIATION  BY  FOG  DROPLETS 


Fig.  5.  Comparison  of  Attenuations  of  j.250-pm 
and  0.55-U  m Wavelengths  by  Fog  Droplets. 


0  70  40  00  SO  100  120  140  180  ISO 

ATTENUATION  (SB/km)  OF  lO.Sjim  RADIATION  BY  WATER  DROPLETS 


Fig.  6.  Comparison  of  Attenuations  of  1250-pm 
and  10.6-pm  Wavelengths  by  Fog  Droplets. 
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ATTENUATION  (cS/km)  OF  870  km  RADIATION  BY  TOG  DROPLETS 

Fig.  7.  Comparison  of  Attenuations  of  1250-pm 
and  870-pm  Wavelengths  by  Fog  Droplets. 


The  data  in  Figs.  4-7  were  examined  indi¬ 
vidually  to  determine  which  fogs  should  be  clas¬ 
sified  as  radiation  and  non-radiation  fogs. 
Average  drop  sizes  are  typically  smaller  in  ra- 
diacion  than  in  non-radiation  fogs.  Mean  atten¬ 
uations  of  10.6,  870,  and  1250  p  m  by  fog  drops 
were  estimated  as  a  function  of  visibility  for 
°ach  type  of  fog. 

Unfortunately,  climatological  fog  observa¬ 
tions  ..-re  not  classified  according  to  type  of 
fog.  Therefore,  Essenwanger  and  Stewart  (1978) 
divided  fog  into  categories  on  the  basis  of  ob¬ 
jective  criteria  suitable  for  computerized  anal¬ 
ysis  of  large  data  collections.  Observations 
for  several  years  from  ten  stations  in  Central 
Europe  were  examined.  Finally,  fog  categories 
were  combined  ao  that  ea'h  fog  was  classified 
as  a  fog  ca  3ed  primarily  by  radiational  cool¬ 
ing  or  as  a  ;>on-radiation  fog.  Although  an  in¬ 
dividual  fog  may  be  a  borderline  case,  these 
cases  should  balance  out  in  a  statistical  sense. 

Water  vapor  is  another  source  of  extinc¬ 
tion  of  infrared  and  near-millimeter  wavelengths. 
McCoy  et  al.  (1969)  gave  a  formula  for  computing 
attenuation  of  10.6-pm  radiant  energy  by  water 
vapor.  Webster  (1973)  developed  a  procedure  for 
calculating  attenuation  by  water  vapor  near  1mm. 
Attenuation  by  water  vapor  depends  primarily  up¬ 
on  the  amount  of  water  vapor,  somewhat  upon  the 
temperature,  and  slightly  on  the  pressure. 

Table  2  from  Essenwanger  and  Stewart  (1978) 
contains  the  mean  attenuation  by  water  vapor  in 
German  fogs  at  0600  GMT  as  a  function  of  season, 
wavelength,  and  type  of  fog.  Attenuation  by 
water  vapor  is  almost  negligible  for  10.6  pm. 
Attenuation  of  870  pm  by  water  vapor  is  much 
larger  than  attenuation  of  fog  drops.  The  least 
amount  of  water  vapor  occurs  in  winter  during 


Table  2.  Mean  Attenuation  (dB/km)  by  Water  Vapor  ‘n  German  Fogs  at  0600  Greenwich  Mean  Time  (from 
work  with  Dr.  Oskar  M.  Essenwanger). 


Radiation  Fog  Non-Radiation  Fog 


10.6  pm 

870  p  m 

1250  pm 

10.6  pm 

870  p  m 

1250  | 

Winter 

0.11 

5.61 

1.74 

0,14 

6.63 

2.06 

<'pring 

0.21 

8.16 

2.54 

0.25 

9.06 

2.82 

Summer 

0.50 

13.45 

4.21 

0.64 

15.38 

4.8" 

Fall 

0.29 

9.82 

3.06 

0.32 

10.26 

3.20 

1 


radiation  fog,  and  the  mean  attenuation  of  870  urn 
under  these  conditions  is  S.6i  dB/km.  Mean  atten¬ 
uation  of  870  pm  by  water  vapor  in  the  summer 
during  non-radiation  fogs  is  15.38  dB/km.  Atten¬ 
uation  of  1250  pm  by  water  vapor  is  less  than 
one-third  the  attenuation  of  870  pm. 

The  mean  attenuations  by  water  vapor  in 
Table  2  were  weighted  according  to  the  percentage 
of  radiation  and  non-radiation  fogs  and  added  to 
a  weighted  mean  attenuation  by  fog  droplets  to 
obtain  Table  3  which  summarizes  expected  mean 
attenuation  in  German  fogs  in  the  early  morning. 
One  sees  that  1250  pm  penetrates  fog  better  than 
10.6  pm  and  870  pm  in  all  seasons  and  for  all 
visibilities.  Transmission  of  870  pm  is  compar¬ 
able  to  or  better  than  transmission  of  10.6  pm 
except  in  the  summer  when  water  vapor  content  is 
high. 


Table  3.  Expected  Mean  Attenuation  (dB/km)  in 
German  Fogs  at  0600  Greenwich  Mean 
Time  (from  work  with  Dr.  0.  Essenwanger). 


Season 

Wavelength 

Visibility 

(pm) 

lOOOra 

l*00m 

200m 

Dec-Feb 

10.6 

10.5 

26.1 

52.0 

870 

6.5 

7.1 

8.0 

1250 

2.1 

2.5 

3.1 

Mar-May 

10.6 

8.6 

21.3 

1*2.3 

870 

8.7 

9.2 

9.9 

1250 

2.8 

3.1 

3.6 

Jun-Aug 

10.6 

8.4 

20.3 

1*0.1 

870 

1U.2 

11*  .6 

15.3 

1250 

U.5 

1..8 

5.2 

Sep-Nov 

10.6 

8.8 

21.5 

1*2.7 

870 

10.3 

10.7 

11.5 

1250 

3.3 

3.6 

li.O 
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ABSTRACT 

This  report  describes  the  variability  of  the 
aicrowave  (3-30  G"  )  circuit  design  parameter, 
effective  earth  radius  factor,  at  two  sites 
which  served  as  test  cases:  Balboa,  Panama,  and 
Wiesbaden,  Germany.  Median  effective  earth  ra¬ 
dius  factors,  K,  derived  from  meteorological  data 
for  the  first  1G0  m  altitude  at  these  two  sites, 
were  found  to  be  1.32  for  Wiesbaden  and  1.68  for 
Balboa.  K  factor  variability  at  Balboa  and 
Wiesbaden  is  illustrated  with  sits  of  '•uivalent 
earth  profile  curves  enclosing  68.3,  95.4,  99.7, 
and  100  percent  of  the  data  and  by  K  factor  cum 
lative  distribution  functions  bounded  by  respec¬ 
tive  90  and  99  percent  confidence  limits.  Effec¬ 
tive  earth  radius  factors  were  found  to  be 
highly  variable,  particularly  at  Balboa. 

1.  INTRODUCTION 

A  study  designed  to  examine  the  variability 
of  microwave  effective  earth  radius  factors  has 
been  performed  for  the  sites  of  Wiesbaden, 
Germany,  and  Balboa,  Panama,  which  served  as 
test  cases.  Effective  earth  radius  factors 
representative  of  a  given  geographical  location 
are  conventionally  used  in  path  profiling  of 
microwave  communication  links  to  account  for 
tropospheric  >-ef ractivity  gradients,  which  in 
turn  are  dependent  on  atmospheric  relative  humid¬ 
ity,  temperature,  and  pressure  magnitudes — three 
highly  variable  parameters.  The  unpredictable 
variability  of  these  atmospheric  parameters 
prompted  this  effort  which  presents  the  statis¬ 
tical  data  that  delineate  the  range  of  effective 
earth  radius  values  which  occur  in  Wiesbaden  and 
Balboa. 

Specifically,  this  report  describes  the 
mathematical  procedure  used  in  interpreting  mete¬ 
orological  data  used  to  derive  refractivity  gra¬ 
dients.  the  statistical  technique  employed  to 
derive  effective  earth  curvature  and  Its  vari¬ 
ability,  and  presents  the  results  obtained.  The 
original  meteorological  data  for  Wiesbaden  and 
Balboa  collected  by  Samson  (1975)  were  obtained 


and  processed.  Processing  of  the  meteorological 
data  involved  the  determination  of  over  4700 
refractivity  gradients  at  each  station.  Since 
most  line  of  sight  (LOS)  microwave  transmitters, 
repeaters,  and  receivers  employ  high-gain  direc¬ 
tional  antennas  located  within  the  first  100  m 
above  ground  level,  all  atmospheric  refractivity 
gradients  derived  here  are  for  that  interval 
between  the  earth's  surface  and  100  m  altitude. 
Effective  earth  radius,  K,  values  we  e  determined 
corresponding  to  the  median  value  of  the  refrac¬ 
tivity  gradient  at  each  station  and  :o  selected 
percentile  deviations  of  the  data  from  the 
median.  Cumulative  distribution  functions  of  K 
and  the  90  and  99  percent  confidence  limits  for 
each  K  value  were  also  determined. 

2.  METEOROLOGICAL  AND  REFRACTIVITY  DATA 

The  primary  sources  of  meteorological  data, 
excluding  surface  observations,  are  those  mea¬ 
surements  of  relative  humidity,  pressure,  and 
temperature  obtained  with  standard  balloon-borne 
rad-'osondes  in  use  throughout  the  world.  Radio¬ 
sonde  observations  of  temperature,  pressure,  and 
relative  humidity  are  reported  at  fixed  atmo¬ 
spheric  pressure  levels  termed  "mandatory  levels" 
and  at  "significant  levels."  Significant  levels 
are  those  where  an  appreciable  change  in  temper¬ 
ature  or  relative  humidity  as  a  function  of  alti¬ 
tude  occurred  before  the  balloon  reached  the  next 
mandatory  level.  Consequently,  mandatory  levels 
differ  in  altitude  because  of  differences  in  ter¬ 
rain  elevation  at.  each  sounding  station.  Signif¬ 
icant  levels  diffet  in  altitude  due  to  the  vari¬ 
able  temperature  lapse  rates  encountered  during 
the  year.  Normally  the  first  mandatory  level  or 
significant  level  above  the  surface  is  at  an 
altitude  greater  than  100  m.  Therefore  to  calcu¬ 
late  refractivity  at  100  m  altitude,  and  subse¬ 
quently  the  refractivity  gradient  for  that 
interval,  an  interpolation  scheme  t.ad  to  be 
employed  which  utilizes  the  calculated  refrac¬ 
tivity  values  obtained  from  the  meteorological 
measurements  at  the  surface  and  at  the  lowest 
recorded  level. 
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The  expression  for  radio  wave  refractivity 
in  Che  lower  troposphere,  for  frequencies  up  to 
30  GHz,  is  well  established  (Bean  and  Dutton, 
1966)  and  is  of  the  form: 


N])(ho)  =  Dry  term  refractivity  at  earth's 


N*  =  77.6  ^  +  3.73  x  10s  — 

r  T’ 


(i) 


where  P  is  the  total  atmospheric  pressure  in 
millibars,  T  is  absolute  temperature  in  degrees 
Kelvin,  and  e  is  the  partial  pressure  of  water 
vapor  in  millibars.  N  is  in  units  of  refractiv¬ 
ity,  related  to  Che  usual  index  of  refraction  n 
by  N  =  106(n  -  1).  In  equation  1,  the  quantity 
77.6  P/T  is  normally  referred  to  as  the  "dry 
term,"  while  the  quantity  3.73  x  10®e/T2  is 
called  the  "wet  term."  Accordingly,  the  refrac¬ 
tivity  may  be  expressed  as 


where 


N  =  N’  +  N' 

D  w 


,  Nd  =  77.6  P/T  , 


N  =  3.73  x  105e/T2  . 
w 


(2) 

(3) 

(4) 


Variations  in  refractivity  as  a  function  of 
altitude  have  been  shown  to  follow  an  exponen¬ 
tial  function  (Byan  and  Thayer,  1959)  of  the  form 


sd  -  An  *'B°h  > 


V  ,  -B  >> 

N  -  A  e  w  , 
w  w 


(5) 

(6) 


Since  the  assembled  meteorological  data 

allow  one  to  calculate  and  N  at  the 
D  w 

earth's  surface  and  at  the  first  mandatory  alti¬ 
tude  of  h^,  solutions  for  the  parameters 

A_,  A  ,  B„,  and  B  were  obtained  and  substituted 
D’  w  D  w 

into  equations  5  and  6.  Subsequently  equations 
5  and  6  were  summed  to  yield  the  following  re- 
fractivity  interpolation  equation: 


N(h)  -  N  (h  ) 
D  o 


w 


w 


+  N  (h  ) 
w  o 


h 

Wi 

wj  ’ 


(7) 


where 


S('t)  =  Total  refractivity  at  altitude  h. 


surface,  h  , 
o’ 


Np(h^)  =  Dry  term  refractivity  at  altitude 
h^  for  which  data  is  available, 

N  (h  )  =  Wet  term’ refractivity  at  earth's 

W  0  surface,  h  , 
o 

N^fh^)  =  Wet  term  refractivity  at  altitude 
hj  for  which  data  is  available. 


Each  interpolation  yielded  a  refractivity 
magnitude  at  an  altitude  of  100  m,  which  when 
subtracted  from  the  refractivity  magnitude  ob¬ 
tained  at  the  earth's  surface,  provided  the 
desired  refractivity  gradient,  AN/Ah.  Tor  the 
locality  of  Balboa,  Panama,  4917  refractivity 
gradients  were  computed  with  radiosonde  measure¬ 
ments  of  the  period  from  1951  to  1956.  During 
the  sunrise  atmospheric  heating  and  sunset  cool¬ 
ing  time  periods,  refractivity  gradients  exhibit 
maximum  variability  and  definite  changes  in 
absolute  magnitude.  Thus  in  an  analysis  of  this 
type,  it  is  desirable  to  hate  a  meteorological 
sample  of  the  sunrise  and  sunset  pei iods  in¬ 
cluded.  However,  of  the  total  data  set,  only 
380  samples  were  representative  of  near  sunset 
or  sunrise  hours;  the  remainder  of  the  data  set 
consists  of  a  balanced  mixture  of  totally  night 
or  daytime  meteorological  data.  For  Wiesbaden, 
Germany.  4798  refractivity  gradients  were  de¬ 
rived  from  data  recorded  during  the  period  1951 
to  1957.  All  Wiesbaden  meteorological  data  are 
from  either  daytime  or  night  radiosonde  measure¬ 
ments;  no  sunrise  or  sunset  samples  were  avail¬ 
able.  Consequently,  the  variability  results  to 
be  presented  here  are  Inherently  conservative. 

Ordinal  listings  of  the  10t-m  refractivity 
gradients  for  Balboa  and  Wiesbaden  were  compiled 
and  median  refractivities  of  -64  units/km  and 
-38  units/kn,  respectively,  were  obtained.  Ini¬ 
tial  attempts  to  work  with  average  refractivity 
gradients  and  deviations  from  the  average  value 
proved  meaningless  because  the  frequency  distri¬ 
bution  cf  the  refractivity  gradients  was  found 
to  be  non-Gaussian.  Figures  1  and  2  are  refrac¬ 
tivity  gradient  histograms  which  approximate  the 
frequency  distributions  at  Balboa  and  Wiesbaden. 
These  figures  show  that  the  distribution  is  non- 
Gaussian  or  at  least  that  the  sample  was  insuf¬ 
ficient  to  approximate  a  Gaussian  distribution. 
Therefore,  a  median  value  and  percentile  distri¬ 
butions  about  the  median  were  employed  to  de¬ 
scribe  refractivity  gradient  spread.  Annotated 
on  the  histograms  are  the  median  values  and 
percentile  deviations  from  the  median  obtained 
directly  from  the  ordinal  listing.  The  34th 
and  47.5th  percentile  deviations  denote  how  68 
and  95  percent  of  the  data  are  distributed 
about  the  median.  For  Balboa,  95  percent  of  the 
gradient  data  is  within  -202  and  -1  units/km; 
while  for  Wiesbaden,  95  percent  of  the  gradients 
have  values  ranging  from  -86  to  +16  units/km. 
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NUMBER  OF  CASES 


3 


EFFECTIVE  EARTH  CURVATURES 


Figure  1.  Balboa,  Panama,  rrtrartlvity  gradient  hiatngram. 


Radio  transmission  path  profiles  drawn  to 
aid  in  the  design  of  microwave  communications 
linkB  must  account  for  the  earth's  curvature  and 
radio  beam  ref ractivity .  Radio  beam  refraction 
is  normally  combined  with  the  earth's  curvature 
to  define  an  effective  earth  radiiiB  usually  des¬ 
ignated  as  Kr,  where  r  is  the  true  earth  radius 
and  K  i8  the  atmospheric  refraction  dependent 
modification  factor.  Depiction  of  the  earth 
with  an  effective  earth  radius  of  Kr  allowB  the 
radio  beam  to  be  drawn  as  a  straight  line  a3 
shown  in  figures  3n  and  3b.  To  facilitate  path 
profile  plotting,  both  curves  may  be  transformed 
to  a  flat  earth  reference  frame  and  a  radio  wave 
beam  with  curvature  Kr  as  shown  in  figures  3c  or 
3d.  Thus,  variations  in  the  K  factor,  induced 
by  meteorological  changes,  may  then  be  depicted 
by- several  plots  representing  the  range  of  prob¬ 
able  Kr  magnitudes. 


1  Kr 

TOWW  MEKJNT 

i  l*l  FI  .AY  KANTHl  v  KKqt  IKED  n.F.AH  AS(T 

Ftff«r»  X  la)  and  IKK  cm—IHs))-*  r ■r‘»l»rv  «nJ  ra4U  W««  r*fr»<t|*«ly 

i»|a  ••  rfWO»r  rsrlk  rsjiw.  Kr.  If)  S*d  Id):  •(  r*r*—Hd«tod  r«r*Bt«rv*  tor 

drtoc*  p*r»««r* 


Klgurr  2.  Wlmbidrn,  firrmnny.  rrfrartWHy  grudlrnt  hlrtogrim. 


In  this  section  the  equations  used  to  de¬ 
rive  all  the  K  factors, t the  median  K,  percentile 
deviations  from  the  median  K,  and  equivalent 
earth  profile  curves  like  those  shown  in  figure 
3d  are  described.  Actual  values  and  graphs  for 
Balboa,  Panama,  and  Wiesbaden,  Germany,  are  ob¬ 
tained  and  a  brief  interpretation  of  their  mean¬ 
ing  is  presented. 

Conversion  from  ref ractivity  gradients, 
AN/Ah,  to  effective  earth  radius  factors  K  is 
easily  accomplished  with  the  standard  equation 
(Bean  and  Dutton,  1966,  p.  14), 


K  = 


157 


157  + 


AN 

Ah 


units 
km  ’ 


(8) 


which  is  valid  for  radio  waves  originating  at 
small  angles  with  respect  to  the  horizontal  and 
when  the  magnitude  of  the  atmosphere's  index  of 
refraction  is  near  unity.  Ground  LOS  microwave 
transmissions  usually  meet  the  above  criteria. 
Calculation  of  an  average  K  value  for  all  data 
at  a  specific  location  proved  meaningless  be¬ 
cause,  as  -can  be  noted  in  equation  8,  refractiv- 
ity  gradients  of  magnitudes  near  -157  yield  ex¬ 
tremely  large  values  of  K.  Consequently,  a  few 
large  K's  (some  equal  to  infinity)  grossly  dis¬ 
tort  the  average  K,  Nonetheless  large  K's  repre¬ 
sent  physically  real  conditions.  In  the  case  of 


K  equals  infinity,  the  radio  beam  is  traveling 
concentric  to  the  earth's  true  surface.  To  over¬ 
come  the  above  difficulty  and  properly  include 
large  values  of  K,  medians  and  percentile  devia¬ 
tions  of  data  from  the  median  were  employed. 

These  quantities  were  derived  from  the  corre¬ 
sponding  refractivity  gradient  median  and  percen¬ 
tile  deviations  with  equation  8  expressed  in  the 
following  manner: 


where 


Kjj  =  median  K, 

K  =  K  located  at  ptfl  percentile  from 
p  median, 


Median  A>:/Ah, 


Pt!>  percentile  value  of  AN/Ah 
obtained  directly  from  ordinal 
listing 


Equivalent  earth  profile  curves,  like  chose 
shown  in  figures  3c  and  3d,  were  constructed  by 
using  the  simple  geometric  relationship  (Lenkurt 
Electric  Co.,  Inc.,  1970). 


h 


2  d2 

3  K  ’ 
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where 


h  =  height  above  path  center, 

d  =  horizontal  distance  from  path  center, 

K  =  equivalent  earth  radius  factor. 

Graphs  employing  relationship  shown  in  equa¬ 
tion  11  will  display  the  variability  of  radio 
bean  refractivity  for  expected  magnitudes  of  K. 


Wiesbaden  K  value  of  1.32  is  in  agreement  with 
the  K  =  4/3  value  conventionally  used  throughout 
the  world;  however,  the  Balboa  median  differs 
significantly  from  4/3.  Percentile  deviations 
from  the  median  equivalent  to  standard  deviation 
percentage  ranges  commonly  used  in  Gaussian  dis¬ 
tributions  (cr,  20,  etc.)  were  identified  in  the 
refractivity  gradient  ordinal  listing  and  used 
in  equation  10  to  compute  the  corresponding  K 
values.  The  median  K  values  and  the  K's  obtained 
for  the  68.3th,  95.4th,  99.7th,  and  100th  percen¬ 
ts  a  regions  about  the  Balboa  and  Wiesbaden 
median,  respectively,  are  tabulated  in  figures 
4  and  5.  Inspection  of  the  K  column  in  figures 
4  and  5  reveals  three  ranges  of  the  K  magnitudes 
which  are  of  interest:  0  <  k  <  1,  1  _<  K  <  “, 
and  K  negative. 

These  K  data  sets  indicate,  respectively, 
that  the  radio  beam  curves  upward  away  from  the 
earth,  downward  with  a  curvature  less  than  the 
earth's,  and  downward  with  a  curvature  greater 
than  the  earth's.  For  Balboa,  0  <  K  <  1  oc¬ 
curred  about  2.5  percent  of  the  time,  1  <_  K  <_  » 
occurred  about  93  percent  of  the  time,  and  K 
negative  occurred  the  remaining  4.5  percent. 

Note  that  the  extreme  K  factors  at  Balboa  for 
this  5-year  period  were  +0.39  and  -0.10.  At 
Wiesbaden,  0  <  K  <  1  occurred  4.6  percent  of  the 
time,  1  <  K  <  “  occurred  95.2  percent  of  the 
time,  and  K  was  negative  the  remaining  0.2  per¬ 
cent.  The  extreme  K  factors  for  Wiesbaden, 

+0.36  3nd  -0.73,  were  not  as  severe  as  those 
found  at  Balboa. 

Equivalent  earth  profile  curves  for  each  of 
the  listed  K  values  for  Balboa  and  Wiesbaden  are 
also  included  in  figures  4  and  5.  These  sets  of 
profiles  were  constructed  with  the  use  of  equa¬ 
tion  1*  after  the-  origin  was  chosen,  quite  arbi¬ 
trarily,  275  ft  above  the  abscissa  which  was 
designated  as  the  flat  earth  surface.  The  coor¬ 
dinates  (d,h)  for  a  selected  K  of  interest,  iden¬ 
tify  the  location  of  the  radio  terminals.  Since 
the  plots  of  figures  4  and  5  represent  the  per¬ 
centile  deviations  from  the  median  K  values, 
these  curves  identify  the  expected  variability 
of  radio  beam  refraction  along  the  path  and  par¬ 
ticularly  at  the  radio  terminal.  The  plots 
labeled  +4  and  -4,  accordingly,  represent  the 
maximum  earth  -  beam  divergence  and  maximum  down¬ 
ward  refractivity  which  might  occur.  Figures  4 
and  5  show,  again,  that  radio  beam  dispersion  is 
greater  at  Balboa  than  at  Wiesbaden.  For  ex¬ 
ample,  if  a  transmission  path,  of  32  miles  is 
selected,  the  radio  beam  axis  will  remain  with¬ 
in  approximately  +15  ft  and  -2C  ft  of  the  median 
K  patii  63.3  percent  of  the  time  and  +60  ft  and 
-55  ft  95.4  percent  of  the  time  at  Wiesbaden, 
Germany,  while  at  Balboa,  Panama,  the  bean  axis 
varies  about  the  median  K  path  +20  ft  and  -35  ft 

63.3  percent  of  the  time  and  +70  ft  and  -155  ft, 

95.4  percent  of  the  tine.  Radio  beam  variabil¬ 
ity  for  other  transmission  path  distances  can  be 
readily  estinated  from  these  plots. 


Employing  equation  9,  median  K  values  of 
1.68  and  1.32  were  calculated  for  Balboa  and 
Wiesbaden,  respectively.  Note  here  that  the 
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Figure  4.  Profiles  of  combined  earth  and  refractivity  curvatures  based  on  K  median  and  percentile 
deviation  values  derived  from  Balboa,  Panama,  meteorological  data. 


Figure  5.  Profiles  of  combined  earth  and  refractivity  curvatures  based  on  K  median  and  percentile 
deviation  values  derived  from  ft  icsbftdcn,  lit  "many,  meteorological  data. 


4.  EFFECTIVE  EARTH  RADIUS  FACTOR  DISTRIBUTION 

FUNCTIONS 

Cumulative  distribution  functions  for  the 
Balboa  and  Wiesbaden  effective  earth  radius  fac¬ 
tors  were  constructed  along  with  the  derived  90 
and  99  percent  confidence  interval  for  each  func¬ 
tion.  K  factor  cumulative  distributions  were 
ordered  from  the  smallest  positive  K  value  to 
infinity,  abruptly  changed  to  minus  infinity,  and 
then  ordered  towards  the  smallest  negative  K,  all 
as  a  function  of  the  percent  of  total  cases. 

This  arrangement  is  plotted  in  the  center  graphs 
of  figures  6  and  7,  and  although  it  differs  from 
the  conventional  smallest  to  largest  number  cumu¬ 
lative  distributions,  it  does  depict  the  degree 
and  direction  of  actual  radio  bear,  bending  with¬ 
out  introducing  physical  discontinuities.  Near¬ 
infinite  K  values  occur  a  significant  portion  of 
the  time.  Tills  arrangement  also  places  the  me¬ 
dian  K  value  near  the  graph  center  and  relegates 
the  rarer  extreme  refractivity  cases  to  the  plot 
edges.  Figures  6  and  7  are  not  all-inclusive 
because  the  few  extreme  valued  K  factors  encoun¬ 
tered  called  for  an  unnecessarily  large  graph. 
Instead,  these  K  factors  and  the  respective 
cumulative  percentages  are  listed  in  table  1. 


By  selection  of  a  specific 


K 


P 


magnitude 


from  the  cumulative  distribution  function,  one 
can  predict  the  percentage  of  time  that  radio 
bean  bending  will  remain  within  a  required  cri¬ 
terion.  However,  each  K  nercentile  is  a 

n  * 


statistic  based  on  a  finite  data  sample.  A 
small  probability  exists  that  the  true  distri¬ 
bution  differs  from  the  observed  distribution. 
Tims  confidence  intervals  were  established  to 
determine  within  which  percentile  limits  the 
true  K  value  would  be  located  given  a  desired 


degree  of  confidence.  This  same  K  confidence 

p 

in  ervai  defines  the  range  within  which  will 

occur  for  the  stated  confidence  level,  TWO  con¬ 
fidence  levels  of  interest  are  90  and  99  percent. 
The  outermost  plots  of  figures  6  and  7  are  the 
9Q  percent  cor.tider.ee  limit  boundaries,  while  the 
intermediate  plots  are  the  90  percent  confidence 
interval  bouniaries.  The  interval  widths  are 
based  on  the  following  nonpat  metric  statistical 
technique  (Conner,  1971). 
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Cumulative 

Percent* 


K 


Cumulative 

Fercent* 


F«*~r  7  WVrtm  rtrtk  rUw  Im1«  .tsAtnf  MntalM*  twnn*  o4  rrtirfrtrr 
awm)>  t#»  »V«U<r».  tnwf' 


If  Kj  Kj  .  .  .  K  represent  an  ordered 
sample  of  independent  random  variables  with 


Balboa,  Panama 


0.02 

-0.10 

99.87 

C.58 

0.04 

-0.17 

99.90 

0.55 

0.06 

-0.18 

99.92 

0.55 

0.08 

-0.18 

99.94 

0.54 

0.10 

-0.25 

99.96 

0.48 

0.12 

-0.26 

99.98 

0.48 

0.14 

-0.33 

10C. 00 

0.39 

0.16 

-0.37 

0.18 

-0.41 

0.20 

-0.42 

0.22 

-0.43 

0.24 

-0.57 

Wiesbaden, 

Germanv 

0.02 

-0.73 

99.88 

0.55 

0.04 

-0.75 

99.90 

0.55 

0.06 

-2.12 

99.92 

0.52 

0.08 

-3.20 

99.94 

0.50 

0.10 

-3.49 

99.96 

0.43 

99.98 

0.40 

100.00 

0.36 

*Cwxiititive.  percentages  are  basal  on  data  Listed 
hcac  and  that  sheer.  in  figures  5  and  6. 


In  accordance  with  the  above  definitions, 

K  and  K  bound  the  K  confidence  interval  for  a 
s  r  p 

stated  1-0  confidence  level. 


K,  <  K,  <  .  .  .  <  K  <  .  .  .  <  K  <  .  .  .  K 
1—2—  —  r  —  —  s  —  n 

and  1  ^  r  <_  s  £  n;  then  the  lower  confi¬ 
dence  iimit  is  given  by 


r  =  np  -  W  /np(l  -  p)  ;  (12) 

£*/  £. 


and  the  upper  confidence  limit  is  given  by 


s  =  np  +  W  ,'np(l  -  p)  ,  (13) 


where 

n  =  total  sample  number, 

p  =  data  percentile  value  for  which  confi¬ 
dence  interval  is  being  established, 

a  =  level  of  significance  or  1  -  confi¬ 
dence  coefficient, 

W  «  the  a/2  or  1  -  o/2  percentile  of  a 
standard  normal  random  variable. 


Kxamination  of  the  cumulative  distribution 
curves  in  figures  6  and  7  again  reveals  a  higher 
variability  in  effective  earth  radius  factor  at 
Balboa.  At  Wiesbaden,  99.86  percent  of  the 
effective  earth  radius  factors  encountered  can 
be  accounted  for  by  considering  the  region 
0.5  <  K  £  m  plus  £  K  <  -2,  while  at  Balboa  the 
larger  numerical  region  of  0.55  <  K  £  00  plus 
£  K  <  0.58  must  be  considered  to  account  for 
99.7  percent  of  the  cases.  The  Balboa  distribu¬ 
tion  function  is  also  more  widely  dispersed  to¬ 
wards  negative  K  values.  Wiesbaden  data  contain 
only  a  few  negative  K  magnitudes,  which  means 
that  there  is  an  infrequent  occurrence  of  severe 
downward  radio  bean  refraction  with  curvatures 
greater  than  the  earth’s.  Upward  beam  bending 
occurs  approximately  2  percent  of  the  time  at 
both  Balboa  and  Wiesbaden;  this  occurrence  is 
demonstrated  by  that  section  of  the  cumulative 
distribution  function  where  0  <  K  <  1.  Table  1 
indicates  that  Ine  extreme  downward  refraction 
case  for  Wiesbaden,  Germany,  occurred  at  a  K 
value  of  -0.73  which  is  less  severe  than  the 
extreme  balboa  case  of  K  =  -0.1.  Table  1  also 
shows  that  extreme  upward  beam  refraction  en¬ 
countered  at  Wiesbaden  was  for  an  effective  earth 
radius  factor  of  0.36,  while  at  Balboa  the  maxi¬ 
mum  upward  refraction  occurred  at  a  comparable  K 


value  of  0.39.  All  the  extreme  K  values  encoun¬ 
tered  represent  refractivity  conditions  vastly 
different  from  those  represented  by  the  respec¬ 
tive  medians  or  the  conventionally  used  K  value 
of  4/3.  The  variability  of  K  is  high,  particu¬ 
larly  at  Balboa,  Panama. 

The  99  percent  confidence  intervals  ranged 
from  a  AK  of  less  than  0.1  at  the  median  to  a  ZsK 
of  approximately  G.6  at  K  =  -0.89  (last  interval 
shown  on  figure  6  graph)  for  3alboa,  and  fron  a 
AK  of  approximately  0.1  at  the  median  to  a  IK  of 
about  4.3  at  K  =  -7.0  for  Wiesbaden.  Since  ef¬ 
fective  earth  radius  factor  mediar  cnanges  less 
than  0.1  are  considered  negligible  for  present 
average  microwave  communications  path  lengths, 
a  99  percent  level  of  confidence  can  be  attached 
to  the  fact  that  the  actual  medians,  both  at 
Balboa  and  Wiesbaden,  will  remain  m0.05  K  of  the 
calculated  median.  In  contrast,  the  confidence 
intervals  at  the  fringe  K  values  of  -0.89  and 
-2.0  can  be  an  appreciable  percentage  of  the  mea¬ 
sured  percentile.  At  Balboa,  the  negative  sec¬ 
tion  of  the  confidence  interval  at  K  =  -0.89  is 
the  larger  one.  The  magnitude  is  +0.58  and  is 
35  percent  of  the  absolute  value  of  -0.89.  Simi¬ 
larly  at  Wiesbaden  the  larger  section  of  rhe  con¬ 
fidence  interval  has  a  magnitude  of  approximately 
-3  or  150  percent  o  -2.  The  significance  of 
these  percentages  is  dependent  on  the  circuit 
design  criteria  which  define  the  necessity  to 
keep  the  refractivity  within  certain  bounds. 
Confidence  intervals  for  the  extreme  K  values  at 
Wiesbaden  are  noted  to  be  wider  than  those  at 
Panama,  the  relative  scarcity  or  infrequent  oc¬ 
currence  of  extreme  K  values  at  Wiesbaden  caused 
the  confidence  interval  to  diverge.  liquations  12 
and  13  indicate  that  the  width  of  the  interv  .1  is 
dependent  ca  the  location  of  and  Kg  per¬ 
centile  points.  The  locations  of  the  K_  and 
percentiles  are  dependent  on  the  number  of 

data  points  availaoie  in  the  K  vicinity. 

P 

Cons<  quently,  at  Panama  where  the  higher  K  vari- 
abil  ty  places  more  data  points  at  the  fringe 
area,  a  smaller  interval  defines  the  90  and  99 
percent  limits.  At  Wiesbaden  a  larger  interval 
is  required  to  retain  the  same  confidence  levels. 
Confidence  intervals  for  the  effective  earth 
radius  factor  data  listed  in  cable  1  were  not 
derived  because  the  limited  data  sample  in  this 
data  group  rendered  meaningless  statistical 
results. 

5.  CONCLUSIONS 

To  better  understand  ana  quantitatively 
predict  the  degree  of  effective  earth  radius 
factor.  K,  variability,  ceteorc logical  data  were 
acquired  from  two  distinct  locators  and  used  to 
derive  the  K  factors,  which  served  as  test  cases. 
Two  areas  of  interest,  Germany  and  Panama,  were 
chosen  as  the  sample  sites.  Specifically,  atmo¬ 
spheric  pressure,  temperature,  and  relative 
humidity  data  from  Balboa,  Panama,  and  Wiesbaden, 
Germany,  were  converted  to  average  refractivity 


gradients  over  the  first  100  m  altitude  with  the 
use  of  an  interpolation  scheme.  Thereafter  for 
each  refractivity  gradient,  a  corresponding  ef¬ 
fective  earth  radius  factor  was  computed.  The 
median  refractivity  gradients  were  determined  to 
be  -38  units/km  for  Wiesbaden  and  -64  units/km 
for  Balboa.  The  refractivity  gradient  distribu¬ 
tion  was  found  to  be  non-Gaussian  in  both  cases. 
Ninety-five  percent  of  the  Balboa  refractivity 
gradients  are  contained  within  -202  units/km  and 
-1  unit/km,  while  at  Wiesbaden  95  percent  of  the 
data  is  within  -86  units/km  and  +16  units/km. 
Median  effective  earth  radius  factors  were  found 
to  be  1.32  for  Wiesbaden  and  1.68  for  Balboa. 
Although  the  Wiesbaden  K  median  is  in  general 
agreement  with  the  current  "standard"  K  =  4/3 
magnitude,  the  Balboa  K  median  is  significantly 
different.  Derived  K  factors  enclosing  68.3, 
9S.4,  99.7,  and  100  percent  of  the  Balboa  and 
Wiesbaden  K  data,  listed  in  figures  4  and  5  along 
with  the  corresponding  equivalent  earth  profiles 
curves,  illustrate  the  high  variability  in  micro¬ 
wave  refraction  at  these  two  locations.  At 
Wiesbaden  radio  bean  upward  refraction  was  found 
to  occur  4.6  percent  of  the  time,  while  downward 
beam  bending  occurred  95.4  percent.  At  Balboa 
upward  refraction  occurred  only  2.5  percent  of 
the  time,  while  downward  refraction  occurred  the 
other  97.5  percent  of  the  tine.  Downward  beam 
refraction  is  found  to  be  more  severe  at  Balboa. 

K  factor  cumulative  distribution  functions,  shown 
in  figures  6  and  7,  also  demonstrate  the  K  vari¬ 
ability  at  both  locations.  Boundaries  defining 
the  90  and  99  percent  confidence  limits  of  the 
cumulative  distributions  established  that  both 
medians  can  be  predicted  to  occur  within  K  <  0.1 
with  a  99  percent  level  of  confidence.  Confi¬ 
dence  intervals  for  extreme  K  values  are  consid¬ 
erably  wider  than  0.1  K.  In  general  K  was  found 
to  be  highly  variable  at  both  Wiesbaden  and 
Balboa. 
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ABSTRACT 

The  present  investigation  is  aimed  at  char¬ 
acterizing  the  propagation  of  submillimeter  wave* 
in  the  atmosphere  for  possible  application  in  an 
all-weather  radar.  Preliminary  experimental  re¬ 
sults  for  a  200  meter  path  close  to  ground  level 
are  presented.  Atmospheric  water  vapor  density, 
p  ,  and  dry  bulb  tempera.ture,  T  ,  are  corre¬ 
lated  with  the  observed  transmission  ratio,  R  , 
where  R  is  defined  as  the  ratio  of  received 
intensity  to  the  transmitted  intensity  of  the 
0.89G  mm  (330  GHz)  radiatior.  The  C02*punped 
FIR  laser  source  is  described  in  some  detail. 

The  collection  of  data  over  many  days  shows  an 
observed  correlation  of  R  with  p  as  a  lin¬ 
ear  increase  in  log  R  with  temperature-dependent 
parameters  over  the  range  from  10  to  25  g/m3, 
except  for  a  cluster  of  some  of  the  points  near 
17  g/m3,  where  the  transmission  is  significantly 
higher  and  essentially  temperature-independent 
from  77  to  332F.  This  apparent  bimodal  behav¬ 
ior  is  interpreted  as  further  indication  that 
the  equilibrium  values  of  o  and  T  do  not 
predict  R  .  In  addition  to  these  observa¬ 
tions  at  high  visibility,  we  have  observed  some 
reduction  in  the  transmission  of  0.S90  ran  radi¬ 
ation  during  conditions  of  fog  with  visibility 
less  than  100  meters. 

1.  INTRODUCTION 

There  is  a  military  need  for  an  all-weather 
target  acquisition  and  recognition  system  ti.at  is 
compatible  with  requirements  of  small  transmitt¬ 
ing  and  receiving  apertures  and  the  ability  to 
penetrate  fogs  and  other  target  obscurants. 

Kruse  (1974)  and  Hartman  et  al.  (1976) 
have  pointed  out  the  advantages  of  working  in 
the  0.74  -  1.3  ran  atmospheric  windows  for  all- 
weather  radar  applications.  Wavelengths  in 
these  atmospheric  windows  are  short  enough  to 
nrcvide  adequate  resolution  with  small  diameter 
apertures  to  recognize  combat  size  targets  but 
are  long  enough  to  be  affected  only  slightly  by 
fogs  and  aerosols. 

It  is  now  well  known  that  the  chief  source 
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of  atmospheric  absorption  in  the  millimeter  and 
SftiW  region  is  the  water  molecule.  The  labora¬ 
tory  measurement  of  absorption  due  to  pure  water 
vapor  and  H2O-N2  mixture  in  the  SfSiW  region  is 
well  docimented  in  a  number  of  recent  reviews 
(Bastin  (1966);  Burch  (1968);  and  Waters  (1976)) 
It  has  been  pointed  out  that  the  standard  theo¬ 
retical  models  of  rotational  line  shapes  do  not 
predict  the  H2O  absorption  in  the  window  regions 

This  paper  reports  experimental  results 
pertaining  to  effects  of  atmospheric  water  vapor 
and  temperature  on  propagation  at  0.890  mm  wave¬ 
length,  in  the  window  between  the  O'  =  5  to 
J“  =  4  line  at  10.85  or.-1  and  the  J'  =  4  to 
JM  =  3  line  at  12.68  curl.  The  data  were  col¬ 
lected  during  the  simmer  of  1978  at  ~*>dstone 
Arsenal ,  Alabama. 

2.  EXPERIMENTAL  ARRANGEMENT 

The  FIR  laser  used  is  a  dielectric  wave¬ 
guide  laser  designed  and  built  in-house  by  W.  L. 
Gamble  and  J.  F.  Osmundsen.  The  FIR  laser  cavi¬ 
ty  consists  of  two  plane  mirrors  mounted  coaxi¬ 
ally  with  and  at  opposite  ends  of  the  glass 
tube  waveguide,  which  measures  162.5  cm  long, 

4.8  cm  0D,  and  4.4  cm  ID.  The  mirrors  must  be 
almost  in  contact  with  the  waveguide  to  mini¬ 
mize  radiation  coupling  losses  from  the  wave¬ 
guide  to  the  mirrors  and  from  the  mirrors  back 
into  the  waveguide. 

The  output  coupler  mirror  is  actually  two 
mirrors  in  one.  The  substrate  of  this  mirror 
must  be  transparent  to  FIR  radiation,  and  thus 
it  is  a  wafer  of  high  resistivity  intrinsic 
silicon  and  has  a  diameter  of  50  ran  and  a  thick¬ 
ness  of  3  mm.  First  a  9S»  multilayer  dielec¬ 
tric  mirror  to  reflect  the  pump  laser  beam  is 
evaporated  onto  this  substrate.  Then  for  re¬ 
flection  and  output  coupling  of  the  FIR  radia¬ 
tion,  an  optically  thick  annular  shaped  gold 
coating  surrounding  a  central  hole  (1  cm  diam¬ 
eter)  is  evaporated  directly  on  top  of  the 
multilayer  dielectric  mirror. 

The  other  mirror  in  the  FIR  laser  is  a 
gold-coated  copper  mirror  having  a  3  ran  diamet¬ 
er  central  hole  through  which  the  puno  laser 
beam  is  focused.  This  copper  mirror  is  trans^ 
lated  longitudinally  for  initial  cavity  tuning. 


3.  EXPERIMENTAL  RESULTS 


The  entire  FIR  laser  is  supported  in  a  cylindri¬ 
cal  frame  constructed  of  circular  aluminum  disk 
spacers  and  three  Invar  rods  for  thermal  sta¬ 
bility.  The  entire  laser  and  frame  fit  into  a 
vacuum  chamber  constructed  from  a  section  of 
industrial  glass  pipe  6  feet  long  and  7  inches 
in  diameter.  The  end  plate  at  the  output  end 
has  a  window  of  fused  quartz  which  is  trans¬ 
parent  for  the  FIR  laser  beam,  and  the  input 
end  plate  has  a  Nad  window  which  is  transparent 
for  the  pump  laser  beam. 

The  pump  laser  is  a  flowing  gas  CO2  laser. 

Its  output  is  tuned  from  line  to  line  with  a 
Littrow-mounted,  gold-coated-on-copper,  diff¬ 
raction  grating  blazed  for  a  wavelength  of  1C. 4 
microns/  This  laser  has  a  cavity  length  of  180 
cm,  and  the  output  frequency  is  tunable  +  50  ftiz 
from  a  line  center  by  moving  the  output  coupler 
with  a  P7.T  stack.  A  number  of  different  reflec¬ 
tivity  output  couplers  are  used  with  this  laser 
depending  upon  the  C02  line  required.  The  dis¬ 
charge  tube  is  160  cm  long  and  has  a  diameter  of 

1  cm.  The  CO2  partial  pressure  is  3  Torr,  and 
the  flow  rate  for  the  CO2  alone  is  approximately 
100  ml/min  at  STP.  The  nitrogen  is  at  approxi¬ 
mately  the  same  pressure,  and  the  helium  is  at 
approximately  three  times  the  CO2  pressure.  With 
new  optics  we  have  been  able  to  achieve  output 
powers  of  45  Watts  on  the  10  P22  line  and  20 
Watts  on  the  9  P32  line. 

In  our  present  mode  of  operation,  the  CO2 
laser  beam  is  chopped  and  then  focused  into  the 
FIR  laser  with  ore  30-inch  focal  length  lens. 

The  effective  f-number  of  the  lens  is  such  that 
the  pisnp  bean  is  able  to  travel  the  lengih  of 
the  FIR  laser  three  or  four  times  before  it  has 
expanded  to  the  diameter  of  the  waveguide.  The 
output  power  of  cur  FIR  laser  has  not  been  accu¬ 
rately  measured,  but  is  approximately  100  micro¬ 
watts  average. 

The  5J£W  transceiver  uses  a  single  transnit- 
receive  mirror  whosj  diameter  is  35  cm.  The  FIR 
laser  beam,  after  passing  a  beam  splitter  for 
monitoring  output  intensity,  is  expanded  to  25  cm 
diameter  by  an  off-axis  collimating  mirror  system 
and  is  directed  cut  of  the  laboratory  through  a 

2  mil  thick  Teflon  window  to  a  30  cm  copper  cor¬ 
ner  cube  100  meters  downrange.  Radiation  reflect¬ 
ed  from  this  corner  cube  is  collected  by  this 
same  optical  system.  A  fraction  of  the  received 
thermal  power  is  deflected  by  a  second  beam 
splitter  ana  detected  by  a  second  Go! ay  cell. 

Both  detectors  are  coupled  to  lock-in  amplifiers 
thac  derive  a  reference  signal  from  the  mechani¬ 
cal  chooper  positioned  between  the  pimp  and  FIR 
lasers. 

Propagation  data  and  meteorological  data 
such  as  dry  bulb  temperature,  wet  bulb  tempera¬ 
ture,  barometric  pressure,  wind  speed  and  wind 
direction,  and  total  solar  radiation  were  sampled 
and  recorded  twice  per  second  by  computer-control¬ 
led  instrumentation.  Typical  printouts  list 
averages  of  all  of  these  quantities  for  200  con¬ 
secutive  readings  or  100  second  time  sp?'t. 


It  is  apparently  well  known  that  the  chief 
source  of  atmospheric  absorption  near  one  milli¬ 
meter  and  throughout  the  SWW  region  is  rotat¬ 
ional  transitions  of  water  molecules.  All  oth¬ 
er  constituent  gases  seem  not  to  contribute 
significantly  to  the  absorption.  Both  atmos¬ 
pheric  water  vapor  density  and  temperature 
effect  propagation. 

Correlation  between  dry  bulb  temperature 
and  water  vapor  density  was  usually  quite  high 
as  plotted  in  Fig.  1  from  data  taken  on  a  typi¬ 
cal  day;  therefore,  it  was  not  possible  to  sep¬ 
arate  with  confidence  the  independent  effects 
of  temperature  and  p  on  propagation  on  a  sin¬ 
gle  day  basis.  However,  there  were  many  days 
in  which  the  relation  between  p  and  T  was 
not  single  valued.  The  time  evolution  of  p 
and  T  are  shown  for  one  such  day  in  Fig.  2, 
where  the  cooling  in  the  late  afternoon  and  in¬ 
to  the  late  evening  of  Day  229-78  produced  the 
same  p  at  two  values  of  T  . 


WHTER  VfiPOR  DEN5ITY 


Fig.  T.  Dry  bulb  tenperature  and  simultan¬ 
eous  water  vapor  density  as  observed 
on  the  SHW  range  at  Redstone  Arse¬ 
nal,  Alabama. 

The  units  along  the  abscissa  are 
g/m3  and  along  the  ordinate,  degrees 
F.  These  data  samples  of  the  read¬ 
ings  taken  at  100  second  intervals 
on  one  day,  show  the  high  corre¬ 
lation  (CC  =  .995  and  R.SQ  =  .991 
to  a  straight  line)  usually  observed 
during  the  daytime  in  the  sumner  of 
1978. 
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rig.  2.  Mater  vapor  densities  and  the  simultan- 
eous  dry  bulb  temperatures  (°F)  re¬ 
corded  on  Day  229-78  on  the  SMHl  range 
at  Redstone  Arsenal,  Alabama  from  raid- 
afternoon  through  to  late  evening. 

The  symbols  represent  fractional  time 
of  day  as  follows:  1  from  0.61  to 
0.624  of  24  hours;  2  for  .643  -  .688; 

3  for  .6S9  -  .705;  4  for  .71  -  .74; 

6  for  .79  -  .825;  7  for  .829  -  .S63; 

S  for  .S64  -  .913;  and  9  for  .914  - 
.926.  The  corresponding  mean  trans¬ 
mission  values  are  shown  in  the  next 
figure. 

Me  find  that  the  transmission  values  at 
0.S90  it*n  do  not  always  reflect  the  equilibriin 
p  and  T  values.  For  exanple.  the  time  evo¬ 
lution  of  R  ,  computed  as  the  ratio  of  the 
average  of  200  readings  of  the  15  Hz  c exponents 
of  the  Golay  cell  output  on  the  same  day  as  in 
Fig.  2,  is  shown  in  Fig.  3.  The  scatter  in 
Fig.  3  is  typical  and  appears  to  be  wandering 
in  R  related  to  weather  conditions  other  than 
mean  o  and  1  . 

We  therefore  scanned  the  entire  surrer's 
data  for  values  of  10  log  R  and  o  that  were  ob¬ 
served  at  selected  teeperatures  of  77.0  +  ,25°F, 
79.0  f  ,250F,  and  83.0  +  .250F.  The  values  ob¬ 
served  at  77°F  are  plotTed  in  Fig.  4.  Similar 
behavior  of  log  R  vs.  o  was  observed  at  the 
other  two  temperatures  with  the  straight  line 
naving  temperature  dependent  parameters  but  the 
lower  grcuo  at  17  g/c-3  being  temperature- inde¬ 
pendent.  A  bi modal  description  fits,  with  one 
type  of  behavior  composed*  of  log  R.p  data  points 
that  had  r2  fits  >  0.9  to  first-order  linear 
equations  with  temperature- dependant  coefficients 
for  77  <  T  ^  83°F  and  10  <  e  <  25  g/m3. 

The  remaining- data  points  consisted  of  te^>era- 
ture- independent  values  of  log  R  clustered  at 
o  -  17  o/o3.  02 


WRTER  VRPDR  DENSITY 

Fig.  3.  Transmission  loss  (R)  vs.  the  corres¬ 
ponding  water  vapor  density  (g/»3)  re¬ 
corded  on  Day  229-78  thru  sunset  to 
late  evening  on  the  S?@$i  range  at  Red¬ 
stone  Arsenal,  AL.  The  syrtols  repre¬ 
sent  approximate  tine  of  day  as  listed 
explicitly  in  the  capticr.  of  Fig.  2. 
each  value  of  R  was  obtained  from 
the  100  second  average  of  the  Colay 
cell  outputs.  The  short  term  uncer¬ 
tainty  in  R  is  less  than  the  size 
of  the  symbols  displayed  in  the  graph. 

Although  one  type  of  behavior  appears  to 
fit  a  first-order  linear  equation  well,  it 
should  be  pointed  out  that  this  way  of  describ¬ 
ing  the  data  does  not  take  in*o  const aeration 
what  physically  happens  at  p  -  0,  but  merely 
gives  the  fits  of  the  measured  points  to  a 
straight  lire  in  the  region  p  >  F  g/m3. 

Table  1  sisairizes  the  statistics  of 
attenuation  versus  water  vapor  density  at  con¬ 
stant  temperatures  for  those  values  of  log  R 
which  fit  linear  equations  of  the  fena 


loo  R  *  C,p  +  C 
ro 


=  0 


0) 


A  dependence  of  R  on  T  was  obtained  by 
interpolation  of  this  equation  and  presented 
in  Fiq.  5.  The  temperature  dependence  of  R 
expected  from  this  interpolation  is  much  larg¬ 
er  at  high  or  low  values  of  the  water  vapor 
density  than  in  the  central  range,  as  Fig.  5 
shows.*  It  is  in  the  central  range  of  p  that 
interpolated  values  of  R  agree  with  those 
obtained  from  calculations  plotted  in  Fig.  6 
based  on  a  Van  Vleck/Weicskopf  line  shape. 
(Gaefcle  et  al.  (1977)5- 
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4.  Transmission  loss  vs.  the  corresponding 
water  vapor  density  (g/m3)  observed  at 
77.0  +  .25°F  and  0.890  mu  wavelength 
during  the  summer  of  1978  on  the  SMMW 
range  at  Redstone  Arsenal,  Alabama. 

The  straight  line  through  the  data 
points  has  no  sound  theoretical  basis. 


TEMPERATURE  (°F) 

83 

79 

77 

CORRELATION  COEFFICIENT 

0.96 

0.99 

0.99 

r2  FIT 

0.92 

0.99 

0.98 

SLOPE 

0.37 

0.55 

0.58 

INTERCEPT 

-0.25 

-3.36 

-3.85 

TABLE  1.  Statistics  of  Attenuation  vs.  Water 
Vapor  Density  at  Constant  Tempera¬ 
tures. 


temperrtupe  deg  r 

Fig.  6.  Loss  calculated  for  transmission  thru 
a  radiation  fog  in  a  standard  atmos¬ 
phere  vs.  temperature.  The  loss  values 
were  read  from  Tables  10-14  of  Refer¬ 
ence  (Gamble  et  al.  (1977)).  The  ord¬ 
inate  scale  corresponds  closely  to  the 
vertical  scale  in  Fig.  5  and  the  hori¬ 
zontal  scales  are  identical  so  that 
the  slope  can  be  compared  between  Figs. 
5  and  6. 


In  addition  to  the  clear  air  data  describ¬ 
ed  above,  observations  were  made  in  fog.  An 
example  is  shown  in  Fig.  7,  where  transmission 
loss  is  plotted  against  water  vapor  density  on 
Day  271-78,  a  day  on  which  fo?  with  visibility 
no  more  than  300  feet  persisted  from  dawn  thru 
midmorning.  The  wander  in  R  Is  much  larger 
than  the  short-term  fluctuations  observed  and 
appears  to  be  due  to  weather  conditions  other 
than  temperature  and  humidity.  No  significant 
attenuation  due  to  this  fog  was  detected. 


TEMPERATURE  DE5  F 

Fig.  5.  SMMW  loss  calculated  from  Eq.  (1)  vr. 

temperature  for  values  of  water  vapor 
density  from  10  to  25  g/m^.  The  loss 
values  correspond  to  A  =  0.890  mm 
transmission  data  taken  for  the  200 
meter  round  trip  on  the  SMMW  range  at 
Redstone  Arsenal,  as  displayed  in  Fig. 
4. 
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Fig.  7.  Observed  loss  vs.  water  vapor  density  from  near  dawn  thru  midafternoen  on  Day  271-78 
for  transmission  of  0.890  mm  waves  over  the  200  meter  path  at  Redstone  Arsenal.  Th( 
uncertainty  due  to  short  time  fluctuations  is  represented  by  the  height  of  the  numeri¬ 
cal  symbols  plotted.  The  symbols  represent  time  of  day  as  follows:  #1  for  .278  to 
.316  of  24  hours;  #2  ,  .321  -  .362;  #3,  .374  -  .400;  #4,  .404  -  .438;  #8,  .599  -  .607; 
#9,  .618  -  .645;  §0,  .649  -  .686.  The  visibility  during  1,  2,  3,  and  most  of  4  was 
300  feet  although  the  total  solar  radiation  collected  showed  a  strong  increase.  The 
visibility  during  periods  8  through  0  was  greater  than  one-h£.if  mile. 


4.  CONCLUSIONS 

In  conclusion,  there  appears  to  be  no  signi¬ 
ficant  attenuation  of  0.89  mri  radiation  by  a  fog, 
even  at  visibilities  of  300  feet.  The  bimodal 
values  of  R  are  due  to  parameters  not  quanti¬ 
fied  in  this  paper  but  are  expected  to  involve 
atmospheric  nonequilibrium.  Using  linear  fits 
of  R  vs.  p  at  constant  temperatures  between 
77°  and  83°F  leads  to  a  temperature  dependence  of 
R  that  agrees  with  expectations  based  on  lit¬ 
erature  values  except  at  the  low  and  high  ends  of 
the  water  vapor  density  range  (5  -  25  g/m3). 

More  extensive  measurements  taken  over  a 
wide  •'cnge  of  temperatures  simultaneously  with 
other  parameters  affecting  atmospheric  equilib¬ 
rium  are  clearly  needed  for  an  understanding  of 
attenuation  in  the  0.74  -  1.2  mm  atmospheric 
wi ndow. 
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ABSTRACT 

A  shuttle-pulse  technique  for  simultaneous 
measurement  of  the  attenuation  and  bistatic 
scatter  cf  millimeter  waves  is  described. 
Measurements  were  obtain.-d  using  a  propagation 
path  through  rain  of  only  a  few  meters;  therefore, 
the  rainfall  statistics  can  be  considered  constant 
within  the  sai  volume.  A  "total  bistatic  scat¬ 
ter  coefficien  for  rain  is  defined,  and  the  tech¬ 
nique  of  using  a  shuttle  pulse  lor  its  measurement 
is  discussed. 

1.  INTRODUCTION 

A  technique  for  simultaneous  measurement  of 
the  attenuation  and  nistatic  scatter  of  millimeter 
waves  resulting  from  rainfall  over  short  path 
lengths  will  be  described  in  this  paper.  Measure¬ 
ments  were  made  with  a  shuttle-pulse  technique 
which  utilizes  a  propagation  path  through  rain  of 
only  a  few  meters.  Absorption  data  [Medhurst, 

1965;  Godard,  1970;  Mink,  1973]  obtaineu  from 
measurements  over  relatively  long  transmission 
paths,  are  in  some  disagreement  with  theoretical 
expectations.  Results  of  this  experiment  fer  very 
short  path  lengths  show  a  similar  disagreement 
which  indicates  that  the  discrepancy  between 
theory  and  experiment  cannot  be  explained  in  terms 
of  variations  in  the  rainfall-rate  and  drop-size 
distribution  along  the  path. 

The  total  bistatic  scatter  coefficient  per- 
unit-length  defines  an  equivalent  scatter  area  for 
all  drops  within  the  millimeter  wave  beam.  From 
this  quantity,  the  scattered  signal  level  caused 
by  rainfall  mav  be  determined. 

The  experimental  setup  used  for  the  reported 
measurements  is  si-own  in  Fig.  1.  A  short  milli¬ 
meter  wave  pulse  (35  GHz)  is  injected  into  a  wave 
beam  resonator,  where  it  shuttles  baek-and-for*h 
between  the  two  spherically  shaped  reflectors. 

After  many  round  trips,  if  the  resonator  is 
properly  designed,  a  Gaussian  beam  mode  is  es¬ 
tablished  whose  amplitude  decays  exponentially 
(Christian  and  Goubau,  1961].  When  part  of  the 
path  is  intercepted  by  rain,  the  resulting  in¬ 
crease  in  pulse  attenuation  per-round-trip  is  a 
measure  of  the  rain  attenuation.  The  bistatic 
scatter  coefficient  for  rain  can  also  be  measured 
with  this  shuttl.'-pulse  technique  by  placing  a 
second  receiving  system  at  the  desired  scatter 


angle.  The  system  is  calibrated  by  placing  a 
known  scattering  object  in  the  beam. 


2.  DESIGN  OF  WAVE  BEAM  RESONATOR 


The  reflectors  of  the  resonator  have  a  dia¬ 
meter  of  1  meter  and  a  focal  length  of  28  meters; 
their  mutual  spacing  is  25  meters.  At  the  center 
of  each  reflector,  there  is  a  1  x  1  cm  coupling 
aperture  which  is  used  to  inject  and  withdraw  the 
vertically  polarized  millimeter  wave  signal.  The 
35  GHz  magnetron,  which  was  used  as  the  signal 
source,  supplies  70  ns  pulses  with  a  peak  power  of 
10  kW.  The  measured  loss  of  che  cavity  without 
rain  is  0.1  dB  per-round-trip;  the  theoretical 
diffraction  and  reflection  loss  of  the  reflectors 
is  0.048  dB  per-round-trip  (Goubau,  1968].  The 
additional  loss  of  0.052  dB  is  caused  primarily 
by  the  coupling  apertures. 

3.  MEASUREMENTS  OF  ATTENUATION  CAUSED  BY  RAIN 

The  receiving  system  is  a  conventional  crystal 
detector  followed  by  a  wideband  video  amplifier; 
the  signal  processing  system,  which  compensates  for 
power  variations  of  the  magnetron,  follows  the 
video  amplifier.  After  the  Gaussian  mode  has  been 
estab.ished  (see  Figure  2) ,  the  pulse  train  is 
gated  (using  an  FET  switch)  into  an  integrrto.-  cir¬ 
cuit  starting  at  time  This  pulse  train  is  also 

gated  into  a  second  integrator  circuit,  wb:ch 
starts  at  a  later  time,  tj.  The  ratio  between  the 
outputs  of  these  two  circuits  is  then  formed  and 
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Che  resulting  curves  plotted  by  a  strip  chart  re¬ 
corder.  This  ratio  is  a  function  of  the  attenua¬ 
tion  factor  of  the  pulse  train  since  the  dif¬ 
ference  between  the  two  switching  times  is  con¬ 
stant.  Calibration  of  the  system  is  accomplished 
with  an  oscilloscope  by  measuring  the  decay  of  the 
pulse  train  for  various  losses. 


well-defined  relationship  between  rainfall  rate  and 
millimeter  wave  absorption.  This  indicates  that 
the  rain  statistics  (i.e.,  drop  size  distribution, 
index  of  refraction,  and  terminal  velocity)  for  a 
certain  rainfall  rate  vary  substantially. 


Since  this  measuring  technique  requires  a  path4.  MEASUREMENTS  OF  SIDE-SCATTER  CAUSED  BY  RAIN 
length  through  rain  of  only  5  meters  or  less,  the 

remaining  part  of  the  beam  path  between  the  reflec-  Since  communication  systems  are  being  planned 
tors  is  covered  by  a  roof.  Only  one  rain  gauge  is  t0  operate  in  the  millimeter  wave  length  bands,  a 
required  for  measuring  the  precipitation  rate  with-  knowledge  of  the  side-scatter  (bistatic)  charac- 

in  this  short  path.  In  order  to  obtain  rain  data  teristies  of  millimeter  waves  caused  by  rainfall 

at  sufficiently  short  intervals,  a  special  tipping  Monies  important.  One  vital  aspect  of  bistatic 

bucket  gauge  was  constructed  (Mink  and  Forrest,  scatter  caused  by  rain,  and  a  reason  for  this 

1974 J.  This  gauge  tips  after  each  5  x  10-3  nra’of  study,  is  that  of  security.  If  sufficient  engerqy 
rainfall  has  collected;  each  bucket  tip  i<?  recorded  is  scattered  by  rain,  the  security  cf  a  millimeter 
as  a  hack  mark  on  the  strip  chart  recording.  W3ve  tela/  system  can  be  compromised  by  placing  a 

receiver  alongside  of  the  path.  Cross  coupling 
The  data  obtained  during  these  experiments  was  between  millimeter  wave  links  is  also  a  serious 
evaluated  in  accordance  with  the  empirical  relation  Probleti,‘*  Satellite  systems  are  particularly  sub- 
between  attenuation  and  rainfali  as  proposed  by  ject  t0  cross-coupling  interference.  In  this  sec- 
Gunn  and  East  (1954):  tion,  the  "total  scatter  coefficient"  for  rain  s 

defined,  and  the  shuttle-pulse  technique  used 
L  =  ARX,  (1)  during  this  investigation  for  its  measurement  are 

discussed. 


where  l  is  the  attenuation  per  kilometer  and  R  is 
the  rainfall  rate  in  millimeters  per  hour.  The 
parameters  A  and  x  were  obtained  by  fitting  the 
curve  represented  by  equation  (1)  to  the  measured 
points  with  minimum  square  error.  In  order  to  ob¬ 
tain  the  most  reliable  data  points,  the  measure¬ 
ments  were  evaluated  for  periods  of  relatively  con¬ 
stant  rain,  i.e.,  constant  attenuation.  Dataware 
taken  for  an  average  of  SO  minutes  during  each 
shower.  These  data  are  represented  by  the  dots  in 
Fig.  3;  the  best  fit  curve  to  the  data  is  shown 
in  the  form  of  a  dashed  line.  For  comparison,  the 
theoretical  attenuation  results  of  Medhurst  (1965] 
are  plotted  in  the  form  of  a  solid  line. 


The  received  power  scattered  by  a  single  drop 
ns  given  by  Cleverley  [1973]  is 


=  |E  x  H|  at  the  drop; 

=  bistatic-scattering  cross-section  of 
the  drop; 


where 


B 


(r) 


On  the  basis  of  the  above  data,  which  were  ob¬ 
tained  from  measurement i  of  rainfall  samples 
uniform  rate,  one  must  conclude  that  there  is  no 


d  =  distance  from  the  drop  to  the 

receiver;  and 

=  the  area  of  the  receiving  aperture. 


A 


For  calculation  of  the  overall  effect  of  raindrops 
on  a  Gaussian  beam,  a  density  function  for  rain¬ 
fall  is  defined  as  follows  [Kerr,  1951] 

S  =  j  ndv,  (3) 

vol. 

where  n  is  the  number  of  drops  per  cubic  meter, 
and  N  t  is  the  total  number  of  drops  within  the 
scatter  volume.  Since  the  drops  have  a  random 
distribution  within  the  scattering  volume,  the 
scattered  power  from  each  drop  [Kerr,  1951]  must 
be  added.  The  total  received  power  then  becomes: 

p  _A_f  "  P( r)g  ' 

T  “  1vol.  d2 


(4) 


Since  evaluation  of  equation  (4)  is  in  general 
rather  difficult,  the  following  approximations 
will  be  used.  The  scatter  volume  is  considered  to 
he  cylindrical  in  shape  with  its  axis  along  the 
axis  of  the  millimeter  wave  beam.  This  scatter 
volume  is  considered  to  be  relatively  small  and 
far  enough  away  from  the  receiver  so  that  3  and 
d  can  be  considered  constant.  Using  these* 
approximations,  equation  (4)  when  normalized  per- 
unit-length  becomes: 


r 


where  the  total  power  incident  upon  the  common 
scatter  volume  is 


(5) 


P  =  j  P  (r)dr  .  (6) 

incident 

beam 

area 


If  one  assumes  that  the  path  length  through 
the  common  scatter  volume  is  short  enough  so  that 
attenuation  may  be  neglected,  the  total  side- 
scattcr  coefficient  per-unit-length  is 

S  =  nox.  (7) 

Thus,  if  S  is  determined  by  measurements  such  as 
those  described  below,  the  side-scatter  signal 
level  may  be  determined.  Of  course,  one  must  take 
into  account  the  attenuation  of  the  signal  and  the 
angular  sensitivity  of  the  receiver  when  deter¬ 
mining  the  Lotal  received  side-scatter  signal  for 
a  long  propagation  path  through  the  comax-n  scatter 
volume. 


of  the  shuttle  pulse. 


Figure  4.  Rain  side-scatter  measuring  system. 


Side-scattered  energy  is  collected  over  an 
aperture  of  33  square  centimeters,  placed  12 
meters  from  the  common  scattering  volume,  and 
positioned  at  the  desired  angle  relative  to  the 
beam  axis.  A  conventional  millimeter  wave  super¬ 
heterodyne  receiving  system  was  employed  for  this 
experiment.  The  receiver  consisted  of  a  balanced 
mixer,  a  12C  MHz  post  amplifier,  and  a  video  de¬ 
tector.  Automatic  frequency  control  was  employed 
to  keep  the  receiver  properly  tuned  to  the  magne¬ 
tron  frequency. 

Since  the  receiver  gives  an  output  for  each 
passage  of  the  shuttle  pulse  through  the  common 
scatter  volume,  the  receiver  output  contains  in¬ 
formation  about  born  the  forward-  and  backward- 
scattering  angles.  To  eliminate  this  ambiguity, 
the  output  of  the  receiver  is  gated  with  a  syn¬ 
chronous  gating  circuit  sc  chat  an  output  is 
generated  only  when  the  shuttle  pulse  passes 
through  the  common  scattering  volume  in  one  direc¬ 
tion.  The  pulse  train  thus  generated  is  gated 
(using  an  FET  switch)  after  the  Gaussian  mode  has 
been  established  (see  Fig.  2)  into  ar.  integrator 
circuit.  The  output  of  this  integrator  circuit  is 
plotted  by  a  strip  chart  recorder. _  Calibration  of 
the  system  is  accomplished  by  measuring  its  re¬ 
sponse  to  a  known  scatter  object  (i.e.,  a  thin 
wire)  placed  in  the  common  scattering  volume.  The 
theory  of  calibration  can  be  four.d  in  Appendix  A. 


The  experimental  setup  used  for  the  rain 
side-scatter  measurements  is  shown  in  Fig.  4. 
Since  the  resonator  setup  and  the  magnetron  with 
its  modulator  are  the  same  as  previously  des~ 
cribed,  only  the  equipment  used  for  side-scatter 
measurements  will  be  discussed  here.  Each  time 
the  shuttle  pulse  within  the  resonator  passes 
through  the  portion  of  its  path  that  is  inter¬ 
cepted  by  rain,  a  portion  of  its  energy  is  scat¬ 
tered.  This  scattered  energy  is  detected  by  the 
side-scatter  receiver.  Thus  fer  each  round  trip 
of  the  shuttle  pulse,  the  output  of  the  receiver 
is  two  pulses,  one  for  each  direction  of  travel 


Results  of  side-scatter  measurements  for  a 
single  scattering  angle  are  indicated  by  the 
circles  in  Fig.  5.  For  comparison,  theoretical 
points,  based  on  Mie's  scatter  theory  with  Laws 
and  Parson's  drop  distribution,  are  shown  3S 
crosses  in  Fig.  5  [Vogel,  1971].  As  can  be  seen 
from  this  curve,  the  "total  side-scatter  co¬ 
efficient"  increases  at  a  much  faster  rate  than 
does  the  attenuation  by  rain.  A  similar  result 
has  been  reported  for  radar  backscatter  as  com¬ 
pared  to  attenuation  caused  by  rain  [Brinks,  1973]. 
Using  the  results  of  the  measurements  shown  in 
Fig.  5  and  equation  (5),  one  finds  for  a  receiving 
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aperture  of  33  square  centimeters  placed  12  meters  f  AK(x)  ^  \ 

from  the  common  scatter  volume  in  the  plane  con-  jj  “  ~  exp (-2a t^; , 

raining  the  beam  axis  and  the  magnetic  field,  that  4itdr  ?a 

the  power  received  is  60  db  below  the  beam  power 

for  a  moderate  rainfall  (a.  10  mm/hr) .  where 


(A.l) 


Figure  5.  Measured  data  for  rain  side-scatter. 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 


A  =  area  of  the  receiving  aperture; 

K(t)  =  a  constant  dependent  upon  the  pulse 
width  and  spacing  between  pulses  of 
the  pulse  train; 

d  =  distance  from  the  scattering  object 
r  to  the  receiver,  and 


D  =  path  length  through  rain. 


When  a  known  scattering  object  is  placed  in 
the  millimeter  wave  beam,  equation  (A.l)  becomes: 


l 


....  s  a  P 

AK(t)  o  o  ,  _  .  , 

“  — hr- - exp (-2a  t). 

4sd  2a 
r  o 


(A.2) 


The  resulting  signal  is  then  used  as  the  reference 
level  for  measurements  of  side-scatter  due  to 
rain.  When  using  the  same  receiving  aperture  A 
and  distance  d  for  both  calibration  and  measure¬ 
ment  purposes, rone  obtains  the  ratio  between 
equation  (A.l)  and  (A.2).  Thus 


A  laboratory  technique  for  simultaneously 
measuring  the  attenuation  and  bistatic  scatter  of 
millimeter  waves  has  been  demonstrated.  Since 
this  technique  requires  a  path  length  through 
rain  of  only  a  few  meters,  the  rain  statistics 
for  this  path  can  be  considered  uniform.  Since 
the  quartity  of  data  obtained  from  each  rain 
event  is  substantial,  it  would  be  desirable  to 
incorporate  an  automatic  data  processing  unit 
into  the  system.  This  technique  would  re  'uce 
the  data  to  usable  form  on  a  real-time  basis.  In 
addition,  the  dynamic  range  the  rain-attenuation 
measuring  systems  may  be  increased  by  employing  a 
superheterodyne  receiver  in  place  of  the  video 
detector.  To  achieve  increased  dynamic  range,  the 
times  at  which  che  pulse  train  is  switched  into 
the  integrator  circuits  should  also  be  under  the 
control  of  the  data  processing  system  and  the 
ratio  of  t^  to  t9  should  remain  constant. 

6.  APPENDIX  A 

THEORY  OF  SITE-SCATTER  CALIBRATION 

In  order  to  calibrate  the  measuring  system, 
it  is  necessary  to  determine  the  receiving  sys¬ 
tem's  response  tc  an  ;rbitrary  lossless  scattering 
object  placed  in  the  millimeter  wave  beam.  In  the 
signal  processing  system  shown  in  Fig.  4,  the 
pulse  train  detected  by  che  side  scatter  receiver 
is  gated  (using  an  FET  switch)  into  an  integiator 
circuit  starting  at  time  t,  after  the  Caussian 
mode  has  been  established, '‘and  ending  after  the 
pulse  trai”  has  decayed.  The  output  of  the  inte¬ 
grator  circuit,  which  is  recordud  on  a  strip  chart 
recorder,  may  be  expressed  cs- 


_i_  a  exp(-2(a-ao)ti),  (A. 3) 

o 

where  c  a,  and  aQ  are  obtained  from 

measurements°of  the  received  side-scatcer  energy 
and  the  attenuation  of  the  millimeter  wave  beam. 

A  more  convenient  form  of  equation  vA.3)  for 
evaluation  purposes  is: 

10  Log  S  =-  10  log  -  +  10  Log  ao  + 

*0  J 

10  Log  +  8.68(a-ao)tj.  (A. 4) 

o 

When  equation  (A. 4)  is  used  to  determine  S, 
all  parameters  are  known  through  measurements 
except  a  .  We  will  now  shew  how  a  can  be  ob¬ 
tained  for  a  hnown  scattering  object  f.ich  as  a 
lossless  wire.  A  tbin  wire  was  chosen  for  two 
reasons:  (1)  Its  scatter  characteristics  can  be 
obtained  analytically  and  (2)  In  the  case  of  a 
vertical  wire,  no  supporting  structures  intercept 
the  millimeter  wave  beam. 

For  a  thin  wire,  long  in  terras  of  wave 
lengths,  the  current  is  filamentary  and  its  dis¬ 
tribution  is  proportional  to  the  electric  field 
intensity  parallel  to  it  (Johnson,  1965].  Since 
the  wire  is  placed  across  a  Gaussian  bean  (Goubau, 
1963;  1968],  the  current  distribution  in  this  wire 
will  be  of  the  following  form: 

X(t)  =  I0  <*p'-i(f-)2)  , 

“o 


(A*  5) 


where  z  is  the  node  parameter  of  the  Gaussian 
beam.  The  radiated  field  of  a  current  element 
along  the  z-axis  is  {Harrington,  1961]: 

japl  exp(-jkr)  sin0 

E(6)  =  4rr 

fl/2  ,  . 

S  exp(-j(— )£)exp(jkz  cos6)  dz.(A.6) 

i-9.12  zo 

The  current  maximum  I  may  be  determined  by 
equating  the  total  scattered  potter  to  the  measured 
power  lost  from  the  millimeter  wave  beam,  one  ob¬ 
tains 


?  L 


.2.2  2 


db 


4.34 


>  , 

1^3  2  9  2 

Jsin  8  exp(-k  z~  cos  S)d0 


(A.?) 


where  P  is  the  beam  power  and  L  „  is  the  less  in 
db  eiused  by  the  scattering  wire.  For  the  para¬ 
meters  employed,  kz  >>  1;  therefore  equation(A.7) 
may  be  solved  for  °I  .  Hence 
.  S 


4P  L 


db 


.34  kz 


{A. 8) 


One  may  now  calculate  the  power  received  over 
an  aperture .  Thus 


P 

r 


FLj,  k  z  A 
db _ o 

S.68  fT‘  -d 

v  r 


sin29  exp(-k2z2cos'"-).{A.9) 


By  comparing  eo.aticn  (A. 9)  with  equation  (A. 2), 
we  find  that 


a 

o 


L  v  z 

db  o  .2.  ,,2  2  Z_. 

- —  sin  o  exp(-k  z  cos  c) . 

2.17 


(A. 10) 


For  the  measurements  performed  in  this  experi¬ 
ment,  the  foll'‘”<r'f  parameters  were  used: 

9  =  ~/2 

k  =  2r/X  «=7.33  cm'1 

z  =17.9  cm 
o 

t^  =  10  5  sec 
D  =  1.21  cm 


2 qua: ion  (A. 10)  then  becomes 


a 

o 


34.11  LdSfa 


and  the  measured  increase  of  loss  due  to  the  wire 
passing  through  the  millimeter  wave  beam  is  0.05 
db.  Using  the  relation 


Ldb  C 
8.68  d  ’ 


10  log  S 


3.12  +  10 


log 


+ 


10  Xog 


Edb/km 
T"  + 

0  db/km 


^Edb/kra  E0  db/km^' 


(A. 11) 


Tlie  total  side-scatter  coefficient  can  now  be 
determined  from  measurements  using  the  scatter 
properties  of  a  known  scattering  object  as  a 
reference. 
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the  calibration  equation  then  becomes  in  terms  of 
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ABSTRACT 

During  the  fall  of  1978,  a  series  of  measure¬ 
ments,  called  DIRT  I,  of  electromagnetic  wave 
propagation  through  simulated  battlefield  dust 
were  conducted  at  White  Sands  Missile  Range. 

Tnis  paper  gives  an  overview  of  the  entire  DIRT  I 
tests  as  well  as  derailed  results  of  those  tests 
for  millimeter  wave  (94  and  140  GHz)  frequencies. 

Attenuation  measurements  were  made  over  an 
instrumented  2  km  range.  In  the  center  of  the 
range,  explosive  charges  of  different  sizes  were 
detonated,  and  the  resulting  signal  level  was 
compared  to  that  existing  before  the  explosive 
event.  Measurements  were  also  made  of  attenua¬ 
tion  caused  by  artillery  shells  fixed  into  the 
center  of  the  range,  and  of  that  caused  by  burn¬ 
ing  diesel  oil  and  rubber. 

E  ,ch  magnitude  and  duration  of  attenuation 
were  found  to  vary  cith  the  amount  of  the  explo¬ 
sive,  sometimes  reaching  30  JB  and  20  seconds 
respectively.  Copies  of  chart  recorder  tracings 
showing  attenuation  of  both  explosion  products 
and  oil  smoke  are  presented.  Oil  smoke  propaga¬ 
tion  measurements  show  scintillations  of  3  to 
5  d3. 

1.  INTRODUCTION 

Battlefield  obscurants  such  as  dust  and  smoke 
from  vehicle  activity,  burning  wreckage,  or  ex¬ 
plosion  debris  from  artillery  impacts  can  cause 
serious  degradation  in  the  performance  of  elec¬ 
tro-optical  (EO)  weapon  and  surveillance  systems. 
Individuals  actively  involved  in  the  development 
of  E0  sensor  systems  realize  that  evaluating  the 
performance  of  these  systems  under  degraded  at¬ 
mospheric  propagation  conditions  expected  cn 
the  battlefield  requires  solutions  to  scientific 
and  engineering  problems  of  staggering  difficul¬ 
ty.  The  extreme  complexities  of  the  natural  at¬ 
mosphere,  the  differing  soil  properties  through¬ 
out  the  world,  seasonal  and  meteorological  vari¬ 
ations,  different  types  and  different  applica¬ 
tions  of  military  munitions,  and  the  engineer¬ 
ing  details  of  EO  systems  themselves  all  combine 
to  produce  an  endless  list  of  problems  to  be 
solved.  Some  combination  ot  empirical  and  theo¬ 
retical  investigations  must  be  made  to  sort  out 
these  problems  ai  d  to  find  solutions  to  the  ex¬ 
tent  veeded  to  permit  an  operationally  adequate 


estimate  of  weapon  system  performance  under  real¬ 
istic  battlefield  optical  conditions.  With  this 
in  mind  the  Dusty  Infrared  Test  -  1  (DIRT  I)  was 
conceived  as  the  beginning  of  a  direct  contribu¬ 
tion  toward  the  solution.  The  primary  object¬ 
ives  of  DIRT  I  were  to  provide  a  developmental 
test  of  some  of  the  technology  which  must  be 
brought  to  bear  on  the  problems,  such  as  lidars, 
soil  analyses,  VLIR  images,  aerosol  samplers, 
transmissometers,  and  others  together  in  a  co¬ 
ordinated  program  to  produce  information  of  di¬ 
rect  use  to  the  E0  sensor  and  obscuration  model¬ 
ing  communities;  to  characterize  the  dust  cloud 
produced  by  various  amounts  of  high  energy  ex¬ 
plosives;  and  to  obtain  data  for  the  develop¬ 
ment  of  scaling  laws.  A  detailed  report  on  DIRT 
I  has  been  prepared  by  the  Atmospheric  Sciences 
Laboratory  [Lindberg,  1979]. 

In  order  to  perform  this  first  set  of  experi¬ 
ments,  ASL  assembled  investigators  from  several 
organizations  at  the  White  Sands  Missile  Range 
to  participate  in  the  observations.  Thus,  for 
measuring  aerosol  particulate  sizes,  a  large  In¬ 
strumented  payload  was  suspended  from  a  CH54 
"Skycrane”  helicopter  and  flown  through  the  ex¬ 
plosion  cloud  for  direct  sensing  of  the  dust 
properties.  Several  measurements  of  the  effects 
of  the  explosion  dust  on  electro-magnetic  trans¬ 
missions  were  made.  The  Naval  Research  Labora¬ 
tory  performed  bandpass  filter  and  Fourier  Trans¬ 
form  Spectrometer  transmission  measurements; 
Stanford  Research  Institute  provided  lidar  mea¬ 
surement  support;  and  Georgia  Tech  perfotmed 
millimeter  wave  transmission  measurements.  Ex¬ 
cellent  support  was  also  provided  by  tha  U.  S. 
Army  Waterways  Experiment  Station  (soil  charac¬ 
terization  and  explosion  crater  data),  the  U.  S. 
Army  3rd  Armored  Cavalry  Regiment  (155  -  mm 
howitzer  firings) ,  the  14th  Aviation  Batallion, 
273rd  Transportation  Company  (CH54  helicopter 
support),  the  White  Sands  Missile  Range  Explo¬ 
sive  Ordinance  Demolition  team  (planning,  in¬ 
stalling  and  detonating  the  explosive  arrays) , 
and  the  U.  S.  Army  Test  and  Evaluation  Command 
elements  at  WSMR  (gas  sampling  data,  photography 
and  general  range  support).  Tne  propagation 
measurements  were  performed  by  transmitting 
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through  TNT  explosions,  explosions  from  static 
155  -  mm  rounds  and  live  artillery  firings. 

This  presentation  discusses  the  millimeter  wave 
orcragacion  tests. 

2.  DESCRIPTION  OF  T2ST  SITE 

The  DIRT  I  tests  were  conducted  by  ASL  be¬ 
tween  2  and  14  October  1978  in  the  southe-s.. 
corner  of  White  Sands  Missile  Range  (WSKR) , 

New  Mexico.  Figure  1  shows  the  orientation  of 
the  DIRT  I  test  area  and  the  locations  of  the 
test  area  and  the  major  instrumentation  and  sup¬ 
port  sites.  Figure  2  illustrates  the  detailed 
layout  of  the  DIRT  I  site  and  location  of  exper¬ 
iments  and  equipment.  The  distance  between  the 
south  site  and  north  site  was  2  kilometers. 

The  test  area,  100  by  300  meters  was  situated 
midway  along  the  path  and  was  the  location  of 
all  detonations  and  artillery  impacts.  The  path 
was  cleared  of  vegetation  to  a  width  of  approxi¬ 
mately  20  meters. 

3.  DIRT  I  EVENTS 

The  simulated  battlefield  dust  was  generated 
by  detonating  TNT  charges,  static  detonation  of 
155  mm  projectiles  end  live  firings  of  155  mm 
howitzers.  The  detonation  events  were  perform¬ 
ed  as  indicated  in  Figures  3  through  3.  Each 
event  was  designated  as  A  -  r.  A  -  2,  etc. 
through  E  -  10.  Events  A  -  1  through  D  -  4  were 
detonations  of  charges  of  TNT  laid  as  shown  in 
Figures  3  through  6.  The  E  -  events  (Figures  7 
and  8)  were  static  detonations  of  155  -  mm 
howitzer  projectiles.  The  positions  of  the 
projectiles  for  the  E  -  events  are  illustrated 
in  Figure  9. 

The  F  -  events  were  live  howitzer  firing 
events  with  four  155  -  millimeter  howitzers 
faring  at  one  point  in  the  impact  area.  Event 
F  -  1  consisted  of  firing  one  round  from  each 
of  the  four  155  -  mm  tubes  simultaneously  into 
the  impact  area.  Events  F  -  2  and  F  -  3  were 
similar,  except  each  tube  delivered  3  rounds  in 
a  time  interval  of  about  45  seconds  for  a  total 
of  12  rounds.  Events  F  -  4  through  F  -  7  were 
similar  except  that  8  rounds  were  fired.  Three 
projectiles  were  fired  for  F  -  8. 

The  last  event  in  DIRT  I  was  a  fuel  fire. 

For  this  test,  four  55  -  gallon  steel  drums  were 
cut  in  half  and  laid  in  a  trench  perpendicular 
to  the  optical  axis  in  the  center  of  the  test 
area.  Thirty-eight  liters  of  diesel  fuel,  two 
liters  of  motor  oil,  and  one  rubber  tire  were 
placed  into  each  container.  The  mixture  was 
ignited  and  produced  great  volumes  oi  black 
smoke  for  the  duration  of  the  test,  approxi¬ 
mately  37  minutes.  The  payload  was  flown 
through  the  cloud  il  times  at  various  heights 
above  the  ground  while  simultaneous  transmission 
measurements  were  being  made  by  ground-based 
sensors. 

4.  KILL1KETER  WAVELENGTH  TRANSMISSION 

MEASUREMENTS 

A  potentially  severe  problem  in  the  use  of 
millimeter  waves  in  battlefield  situations  is 
the  possible  degradation  of  these  systems  caus¬ 
ed  by  atmospheric  propagation  effects.  Some 


fairly  extensive  studies  and  measurement  programs 
have  led  to  some  understanding  of  the  performance 
of  millimeter  systems  in  rain  and  fog,  although 
much  work  remains  to  be  done  in  this  area,  but 
little  work  has  been  done  to  characterize  milli¬ 
meter  propagation  through  battlefield  dust.  This 
discussion  gives  the  results  of  a  series  of  ex¬ 
periments  conducted  during  DIRT  I  by  personnel 
of  the  Georgia  Tech  Engineering  Experiment  Sta¬ 
tion  in  October  1978  which  attempt  to  fill  this 
gap  in  knowledge  about  millimeter  wave  propaga¬ 
tion. 

During  most  of  the  experiments,  simultaneous 
measurements  were  made  at  94  -  and  140  -  giga¬ 
hertz;  however,  a  power  supply  failure  caused 
the  140  -  giga.iertz  receiver  to  become  inopera¬ 
tive.  Therefore,  only  94  -  gigahertz  measure¬ 
ments  were  obtained  during  some  of  the  events. 

The  simulated  battlefield  dust  was  generated 
by  detonating  TNT  charges,  static  detonation  of 
155  -  millimeter  howitzer  projectiles,  and  live 
firings  of  155  -  millimeter  howitzers.  In  ad¬ 
dition,  an  event  was  conducted  on  the  final  day 
which  measured  signal  degradation  caused  by  sim¬ 
ulated  burning  vehicles.  The  aerosols  generated 
during  most  of  the  above  events  were  character- 
rzed  by  a  helicopter  -  borne  sensor  package. 

Block  diagrams  of  the  94  -  and  140  -  gigahertz 
transmitter/ receiver  systems  are  shown  in  Figures 
10  and  11  respectively.  Both  of  these  systems 
use  CW  klystrons  that  are  chopped  at  a  1  -  kilo¬ 
hertz  rate  for  phase  sensitive  detection.  Both 
also  use  superheterodyne  receivers  for  good  sen¬ 
sitivity. 

The  94  -  gigahertz  transmitter  uses  an  OKI 
90V11  klystron  which  has  a  power  output  of  about 
80  mrlliwatts.  The  antenna  is  a  horn/lens  com¬ 
bination  which  has  a  beam  width  of  2  degrees. 

Part  of  the  power  is  picked  off  with  a  direct¬ 
ional  coupler  to  monitor  transmitter  power  and 
frequency  through  a  wavemeter,  detector,  and 
oscilloscope.  The  klystron  is  100  percent  modu¬ 
lated  >ith  a  1  -  kilohertz  square  wave  applied 
to  its  reflector  from  the  internal  power  supply 
modulator,  whose  output  is  also  used  to  modulate 
the  140  -  gigahertz  tube,  so  that  only  one  re¬ 
ference  signal  for  phase  sensitive  detection 
need  be  transmitted.  This  signal  is  transmitted 
to  the  receiver  over  twisted  pair  lines  by  means 
of  line  drivers  and  receivers. 

The  94  -  gigahertz  receiver  uses  a  gallium 
arsenide  Schottky  barrier  erode  mixer  pumped  by 
a  Varian  VRB  -  2113AB  klystron  local  oscillator 
(L0) .  Signal  and  LO  power  are  coupled  into  tne 
mixer  by  a  cylindrical  coupling  cavity.  For 
most  of  the  events,  two  Avantek  1  to  2  me¬ 
gahertz  IF  amplifiers  were  used,  but  for  the 
first  few  events  one  Avantek  1  to  2  mega¬ 
hertz  amplifier  and  one  Watkins  -  Johnson  5 
to  1000  -  megahertz  amplifier  were  used.  Each 
of  these  amplifiers  has  a  gain  of  30  decibels, 
so  that  the  IF  gain  was  60  decibels  total.  An 
Identical  amplifier  arrangement  was  used  on  the 
140  -  gigahertz  system;  but  after  a  power  supply 
failure  caused  this  system  to  be  inoperative, 
both  Avantek  amplifiers  were  used  with  the  94 
gigahertz  receiver. 

The  output  of  the  IF  amplifier  is  fed  into  a 
zero-bias  tunnel  diode  detector,  which  is  the 
signal  input  for  a  lock-in  amplifier.  Tne  out¬ 
put  of  this  amplifier  drives  a  strip  chart  re¬ 
corder  which  snows  the  variations  in  signal  as 
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a  result  of  the  explosions. 

The  140  -  gigahertz  transmitter  tube  is  an 
OKI  KA1390  klystron  with  an  out-put  of  about  40 
milliwatts.  A  tunable  Fabry  -  Perot  interfero¬ 
meter  was  used  to  measure  the  frequency  of  this 
tube  and  a  Sharpless  wafer  mixer-detector  with  a 
corrugated  horn  was  used  to  monitor  its  power. 
This  tube  was  modulated  with  the  sane  signal 
used  to  modulate  the  94  -  gigahertz  tube. 

The  140  -  gigahertz  receiver  consists  of  a 
gallium  arsenide  Schottky  barrier  diode  harmonic 
mixer  in  a  crossed  waveguide  mount.  This  mixer 
is  pumped  by  an  OKI  70V11A  klystron  which  oscil¬ 
lates  at  70  gigahertz.  The  IF  amplifier  arrange¬ 
ment  Is  that  discussed  in  the  paragraph  which 
treats  the  94  -  gigahertz  receiver.  The  second 
detector,  lock-in  amplifier,  and  chart  recorder 
are  also  used  in  the  same  way  as  discussed 
earlier  for  that  receiver. 

The  measurements  were  calibrated  both  before 
and  after  the  events.  For  the  94  -  gigahertz 
system,  a  precision  attenuator  between  the  trans¬ 
mitter  tube  and  the  antenna  was  used.  Generally, 
measurements  were  calibrated  at  0  -,  3-,  6-, 

9  -,  and  12  -  decibel  levels.  In  comparing  the 
results  of  event  measurements  to  these  calibra¬ 
tions,  a  curve  was  plotted  which  showed  atten¬ 
uation  as  a  function  of  chart  recorder  displace¬ 
ment.  The  tru~  attenuations  due  to  the  event 
could  then  be  scaled  from  the  curve.  This 
method  corrects  for  any  nonlinearities  or  de¬ 
partures  from  square  law  in  the  superheterodyne 
receiver.  A  precision  attenuator  was  not  avail¬ 
able  for  the  14C  -  gigahertz  system,  so  it  was 
calibrated  by  obtaining  output  readings  for  rero 
and  infinite  attenuation  and  scaling  measured 
results  linearly.  This  method  assumes,  of 
course,  that  the  receiver  is  a  true  square  law 
detector. 

5.  DISCUSSION  OF  EVENTS 

The  results  of  only  a  few  events  will  be  dis¬ 
cussed  here.  The  C  -  eve  its  were  the  large 
simulated  barrages  of  140  charges  of  15  pounds 
each.  Figure  12  shows  the  results  obtained  dur¬ 
ing  event  C  -  1.  Both  94  -  and  140  -  gigahertz 
channels  exhibit  attenuations  of  greater  than 
28  decibels.  R  covery  time  of  both  systems  was 
determined  to  be  greater  than  20  seconds.  Note 
however  that  the  94  -  gigahertz  channel  recovers 
to  within  3  decibels  of  its  original  level  in 
abouc  8  seconds,  while  the  140  -  gigahertz  chan¬ 
nel  requires  about  twice  as  long  due  to  a  large 
secondary  minimum  at  about  12  seconds.  Note 
also  that  the  scintillation  amplitude  for  both 
channels  is  smaller  for  this  event.  For  this 
event,  the  system  was  operated  with  zero  time 
constant.  The  dynamic  range  of  the  system  amp¬ 
lifiers  did  not  allow  an  exact  determination  of 
attenuation  other  than  that  it  was  greater  than 
28  decibels.  The  large  minimum  for  140  giga¬ 
hertz  in  the  region  cf  7  to  11  seconds  was  ap¬ 
parently  a  zero  shift  as  the  signal  did  not  re¬ 
turn  to  the  original  zero  and  no  corresponding 
effects  are  observed  on  the  94  -  gigahertz 
trace,  equipment  problems  prevented  accurate 
measurements  for  the  similar  event,  C  -  2.  It 
was  estimated  that,  by  changing  scales  on  the 
lock  -  in  and  recorder,  the  attenuation  at  94 


gigahertz  exceeded  35  decibels.  No  accurate 
rate  time  estimates  could  be  made  because  of  the 
equipment  difficulties. 

All  events  showed  attenuation  characteristic 
of  the  size  of  the  explosion  ranging  from  ap¬ 
proximately  6dB  maximum  attenuation  to  35  dB 
maximum  attenuation.  In  all  observations,  re¬ 
covery  time  for  events  B  through  E  did  not  ex¬ 
ceed  25  seconds. 

The  F  -  events  are  the  remote  howitzer  firings 
and  attenuation  is  strongly  dependent  on  wheth¬ 
er  oo  not  the  rounds  land  on  the  road  which  is 
the  millimeter  wave  transmission  path.  For  ex¬ 
ample,  the  events  corresponding  to  events  F  -  1 
and  F  -  4  show  no  attenuation.  However,  the 
howitzer  round  did  not  land  in  the  center  of  the 
test  area.  Figure  13  shows  measurements  made 
during  event  F  -  2  of  12  October  1973.  This 
firing  consisted  of  three  groups  of  four  155  - 
millimeter  howitzer  rounds.  These  three  groups 
occur  in  the  time  range  of  12  to  45  seconds. 

The  peak  at  approximately  51  seconds  is  a  single 
round  that  should  have  been  included  in  the 
group  at  43  seconds. 

The  measurements  on  12  October  through  14 
October  1978  were  overdriven  and  as  a  result 
gave  nonlinear  calibration.  This  can  be  seen 
from  Figure  14  where  it  is  evident  that  the 
greater  power  employed  also  resulted  in  a  re¬ 
duction  of  scintillation  when  explosions  were 
not  occurring.  From  Figure  14,  the  0  -  decibel 
level  is  the  original  level;  but  drift  occured 
during  the  firing,  resulting  in  a  different 
baseline.  This  incident  occured  in  several 
events  during  the  last  3  days. 

Note  mat  o..  some  rounds  positive  peaks  were 
obtained  which  possibly  corresponded  to  reflec¬ 
tion  of  transmitter  signal  into  the  receiver 
antenna.  Some  of  the  attenuation  peaks  were  on 
the  order  of  20  decibels.  The  recovery  time 
cannot  be  ascertained  accurately  because  of  the 
spread  of  impact  tires,  but  recovery  appears  to 
be  complete  within  10  to  12  seconds  after  the 
last  impact.  Figure  15  shows  the  measurements 
of  evt it  F  -  3  cf  12  October  1978.  The  event 
was  ag  lit  three  firings  of  four  howitzer  rounds - 
The  fl  group  which  should  have  produced  at- 
tenu  .ion  at  15  to  20  seconds  did  not  record  an 
effc'.t,  possibly  as  a  result  of  the  firing  mis¬ 
sing  the  test  area.  Figure  16  shows  two  groups 
at  35  to  40  seconds  and  48  to  57  seconds;  the 
amplitude  of  these  groups  is  significantly  re¬ 
duced  (3  to  4  decibels)  relative  to  F  -  2. 

A  second  series  of  F  events  was  run  on  13 
October  1978.  Again  during  event  F  -  8  no  at¬ 
tenuation  was  measured,  probably  as  a  result  of 
the  rounds  missing  the  test  area.  Results  ob¬ 
tained  during  event  F  -  5  are  given  in  :ure 

16.  This  recorder  trace  corresponds  tc  «u 
firings  of  four  rounds  each  with  peak  attenua¬ 
tions  of  10  decibels  and  approximately  6  deci¬ 
bels.  For  Figure  16,  the  chart  recorder  speed 
was  set  at  15  centimeters  pet  minute,  too  slow 
to  show  very  much  detail.  Recovery  is  within 
about  4  seconds  for  the  first  maximum.  The 
second  salvo  of  this  event  apparently  did  not 
land  precisely  in  the  line  of  sight  because  the 
maximum  attenuation  is  6  decibels  and  the  re¬ 
covery  time  is  less  than  1  second. 

Event  F  -  6  of  13  October  is  shown  in  Figure 

17.  The  maximum  attenu3rion  observed  for  this 
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event  was  approximately  6  decibels  with  recovery 
in  3  to  4  secot.ds.  The  chart  recorder  speed  was 
increased  to  1.25  centimeters  per  second  to  show 
more  detail  for  this  test.  An  interesting  phe¬ 
nomenon  occurs  in  both  salvos  of  this  event  in 
which  the  attenuation  actually  goes  negative. 

This  may  possibly  be  caused  by  multipath  scat¬ 
tering  from  shell  fragments. 

The  results  obtained  for  e  /ent  F  -  7  are 
given  in  Figure  18.  Maximum  attenuatior  for 
both  salvos  was  determined  to  be  9  and  S  deci¬ 
bels  with  recovery  times  of  about  4  to  5  seconds. 
For  this  event,  the  absorption  did  not  invert 
and  was  stronger  than  in  event  F  -  6.  Toe 
stronger  absorptions  of  F  -  7  are  consistent 
with  the  impacts  being  more  directly  in  the  op¬ 
tical  path  than  F  -  6  with  a  corresponding  re¬ 
duction  of  scatte-ing  into  the  receiver. 

On  Saturday,  14  October  1978,  a  test  was 
conducted  in  which  diesel  fuel,  motor  oil,  and 
rubber,  in  the  approximate  ratios  expected  in  a 
burning  tank,  were  jtilized  to  simulate  a  "burn¬ 
ing  hulk."  The  paper  chart  depicting  94  giga¬ 
hertz  transmission  as  a  function  of  time  (about 
45  minutes)  is  published  in  Lindberg  (1979). 

As  might  have  been  expected,  the  bulk  average 
attenuation  during  this  test  was  relatively 
small — or.  the  order  of  1  or  2  decibels.  How¬ 
ever,  scintillations  of  up  to  5  decibels  peak 
were  observed.  Tne  frequency  spectrum  of  these 
scintillations  appears  higher  than  that  observed 
for  purely  atmospheric  scintillations,  and  the 
amplitude  is  also  greater. 

Unfortunately,  the  signal  was  not  recorded 
on  magnetic  tape.  Thus  a  power  spectrum  analy¬ 
sis  cannot  be  readily  performed.  Such  an  analy¬ 
sis  would  be  important  in  quantitatively  deter¬ 
mining  the  effects  of  these  scintillations  on 
millimeter  wave  systems. 

6.  CONCLUSIONS  AND  RECOMMENDATIONS 

DIRT  I  Isas  provided  an  opportunity  for  ob¬ 
serving  the  effects  of  tactical  size  explosions 
on  millimeter  wave  and  electro-optical  propaga¬ 
tion.  In  many  events,  attenuations  of  10  to  30 
decibels  wore  observed.  Although  damage  suf¬ 
fered  by  equipment  in  transit  caused  some  limi¬ 
tations  and  eventual  failure  of  the  140  -  giga¬ 
hertz  apparatus,  generally  significant  data 
were  obtained. 

Several  conclusions  can  be  drawn  from  the 
measurements.  As  indicated,  attenuation  in  most 
cases  was  large.  The  relatively  short  recovery 
time  of  the  attenuated  signal  indicates  thut 
the  attenuation  was  caused  by  the  large  pieces 
of  soil  blown  in  the  air  in  the  early  stage  of 
each  event.  The  residual  dust  remaining  in  the 
air  after  the  initial  large  particles  have  set¬ 
tled  makes  no  significant  contribution  to  the 
attenuation.  This  result  is  similar  to  the  re¬ 
sults  obtained  at  millimeter  wavelengths  when 
propagating  through  dust  raised  by  vehicles. 

The  signal  fluctuations  in  the  majority  of  the 
events  were  large,  and  their  origin  has  not 
been  fully  established.  As  indicated  by  the 
monitoring  of  the  source  amplitude  stability 
and  the  receiver  noise  level  when  signal  is 
blocked,  the  fluctuations  probably  do  not  re¬ 
ceive  a  major  contribution  from  the  instrumen¬ 
tation.  Some  contribution  could  originate  from 
atmospheric  fluctuations.  Quite  probabxy,  the 


majority  of  these  fluctuations  result  from  multi- 
path  effects. 

The  large  beam  widths  (2  degrees;  resulted  in 
effects  from  vehicles,  personnel,  moving  bushes, 
etc.,  being  observable  in  the  receiver  system. 

A  more  narrow  beam  antenna  system  would  minimize 
these  effects.  The  fluctuations  which  were  ob¬ 
served  were  of  sufficient  magnitude  to  obscure 
small  attenuation  effects.  Frequency  stability 
of  the  transmitter  and  local  oscillator  was  suf¬ 
ficient  tc  keep  the  signal  within  the  amplifier 
bandwidth  and  thereby  cause  no  fluctuations. 

The  scintillation  during  the  burning  of  the 
diesel  oil,  motor  oil,  and  rubber  was  large  and 
exceeded  the  expected  effect. 

The  signals  obtained  during  the  howitzer  fir¬ 
ings  varied  signiticautly  for  each  event.  Tne 
strength  of  the  absorption  depended  on  the  po¬ 
sition  of  the  impact  relative  to  the  optical 
path  of  the.  system.  The  spread  in  absorption  for 
each  salvo  resulted  from  the  difference  in  time 
for  the  impact  of  each  round.  The  positive  sig¬ 
nal  response  which  was  observed  for  some  firings 
appeared  to  result  when  attenuation  was  not  the 
greatest  and  probably  when  the  ismact  area  was 
not  directly  in  the  optical  path.  As  a  result, 
scattering  of  signal  into  the  receiver  by  the 
fragments  blown  in  the  air  may  possibly  have  been 
the  cause  of  signal  increase. 

DIRT  I  has  provided  a  great  deal  of  transmis¬ 
sion  data  that  were  collected  along  nearly  iden¬ 
tical  propagation  paths.  Detailed  data  reduction 
from  all  systems  and  careful  consideration  of 
possible  extenuating  circumstances,  e.  g.,  de¬ 
tector  linearity,  are  not  yet  complete.  However, 
quick-look  data  are  sufficient  to  draw  some  tent¬ 
ative  conclusions.  An  example  is  shown  in  Figure 
18.  Ir.  this  figure  the  results  from  the  0-55- 
and  the  iO.35  -  micrometer  Naval  Research  Lab¬ 
oratory  filter  transnissometers,  measurements  of 
transmission  obtained  from  the  Atmospheric 
Sciences  and  Stanford  Research  Laboratories' 
lidars,  and  the  Georgia  Institute  of  Technology 
94  -  gigahertz  tiansnissometer  are  intercoepared 
for  event  F  -  2.  It  is  clear  that  for  the  visi¬ 
ble  and  infrared  wavelengths  an  artillery  bar¬ 
rage  can  produce  attenuation  of  15  or  20  decibels 
for  periods  of  several  minutes  and  that,  at 
least  for  a  desert  soil  in  New  Mexico,  the  sig¬ 
nal  recovery  is  not  significantly  better  for  any 
particular  visible  or  infrared  wavelength.  The 
attenuation  at  94  -  gigahertz  was  larger  than 
anticipated  but  existed  for  a  s  .orter  period. 
Nevertheless  even  at  this  early  stage  in  data  ex¬ 
amination,  it  is  possible  to  conclude  two  things 
from  data  such  as  those  in  Figure  18.  One 

is  that  a  155  -  millimeter  barrage  can  seriously 
obscure  inf-ared  propagation  for  periods  of  sev¬ 
eral  minutes,  and  the  second  is  that  even  a  94 
-  gigahertz  signal  can  suffer  attenuation  great¬ 
er  than  10  decibels  for  periods  of  a  few  seconds. 
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ATTENUATION  IN  db 


Figure  12.  Measurenonts  made  during  event  C  -  1,  chart  speed  1.25  co/scc., 
tine  constant  zero. 


t«s  at 


Figure  12.  Event  F  -  2  of  12  October  197S.  Three  firings  of  four  155  -  nn  howitzers  at  12 
to  45  seconds,  ihe  spike  at  51  seconds  is  the  reaulc  of  a  late  round  froa  the 
group  at  43.2  seconds.  Chart  speed  was  1.25  cn/soc  and  time  constant  40  «$ec. 

106 


-1  .1  ..1  t  t  »  »  1  I 


Figure  14:  Measurement  of  attenuation  made  during  event  r  -  3  of  12  October  1978. 
speed  1.25  cm/sec,  tine  constant  40  nsec. 
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Figure  15.  Attenuation  neasurenent  made  at  94  Cl.z  during  event  F  -  S  of 

13  October  1978.  Chart  speed  15  c»/min,  time  constant  40  msec. 
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RADAR  SCATTERING  PROPERTIES  OF  THE  DUST  CLOUD  LOFTED 
BY  THE  MISERS  BLUFF  II  HIGH  EXPLOSIVE  TEST 


Edward  E.  Martin 

Georgia  Institute  of  Technology 
Engineering  Experiment  Station 
Atlanta,  Georgia 


ABSTRACT 

An  experiment  was  designed  to  measure  the 
magnitude  and  wavelength  dependence  of  the 
scattering  cross-section  and  the  total  path 
attenuation  of  the  dust  clouds  lofted  by  the 
MISERS  BLUFF  II  high  explosive  test  series. 

The  radar  instrumentation  used  to  generate  the 
data  is  described.  A  limited  amount  of  data 
taken  at  frequencies  of  10  CHz,  35  GHz,  and  95 
GHz  have  been  reduced, and  the  results  of  a  pre¬ 
liminary  analysis  covering  a  time  span  of  2  to 
94  seconds  after  detonation  is  presented. 

1.  INTRODUCTION 

An  experiment  was  designed  to  measure  the 
electromagnetic  scattering  and  attenuation 
properties,  over  a  frequency  range  of  10  GHz 
to  100  GHz, of  the  dust  clouds  'of ted  by  the 
MISERS  BLUFF  TI  test,  series.  The  foal  of  the 
experiment  was  to  supply  information  needed  to 
develop  a  model  which  will  allow  prediction  of 
the  performance  of  millimeter  wavelength  radar 
systems  operating  through  extensive  dust  cloud 
environments . 

Under  subconfacc  to  SRI  International , 
the  Georgia  Institute  of  Technology,  Engineer¬ 
ing  Experiment  Station  modified  four  instru¬ 
mentation  radars  and  installed  them  on  a  modi¬ 
fied  AN/MPQ-18  antenna  pedestal.  The  antennas 
were  scaled  in  size  and  co-boi esignteu  so  that 
each  0.7  degree  radar  beam  illuminated  a  com¬ 
mon  volume  within  the  dust  cloud. 

The  MISERS  BLUFF  IT,  Phase  2  test  series 
was  conducted  by  the  Defense  Nuclear  Agency  at 
the  Planet  Ranch  test  site  located  near  Lake 
Havasu  City,  AZ.  The  second  event  of  the  test 
series  consisted  of  the  simultaneous  detona¬ 
tion  of  six  120  ton  stacks  of  ammonium  nitrate 
and  fuel  oil  (ANF0) .  A  1 imited  amount  of  data 
taken  from  this  second  event  have  been  reduced. 

2.  RADAR  AND  DATA  ACQUISITION  SYSTEM 
2.1  Radar  System 

Four  instrumentation  radars  previously 
developed  by  the  GIT/EES  were  u3ed  to  gather 
the  experimental  data.  The  radars  were  re¬ 
configured  both  electrically  and  mechanically 
to  meet  the  weight  and  size  limitations  im¬ 
posed  by  the  antenna  scanning  system.  Each 
antenna  was  horizontally  polarized  during 


transmission  and  was  equipped  with  a  dual  mode 
coupler  so  that  both  Lhe  horizontally  and  ver¬ 
tically  polarized  components  of  the  reflected 
wave  c  uld  be  simultaneously  received  in  sep¬ 
arate  receiver  channels. 

The  radars  operated  at  frequencies  of  9.4 
GHz,  35  GHz,  70  GHz,  and  95  GHz.  A  functional 
block  diagram  showing  the  general  configuration 
of  the  four  radars  is  shown  In  Figure  1.  In 
the  two  higher  frequency  radars  ferrite  wave¬ 
guide  receiver  protector  switches  replaced  the 
TR  tubes,  klystron  local  oscillators  replaced 
the  solid  state  local  oscillators,  and  single 
ended  Schottky  barrier  diode  mixers  were  used 
i?  tead  of  balanced  mixers.  Parameters  of  the 
four  radars  are  given  in  Table  I.  The  radars 
were  sequentially  triggered  at  a  4  kHz  rate  to 
allow  the  eight  i.f.  signals  to  be  multiplexed 
onto  two  data  lines  corresponding  to  the  hori¬ 
zontal  and  vertical  components  of  th  :  reflected 
signal.  Multiplexing  was  accomplished  at  the 
i.f.  level  to  allow  video  uetection  in  one  set 
of  logarithmic  amplifiers. 

2.2  Data  Acquisition  System 

The  data  acquisition  system  was  furnished 
b,,  SRI  and  was  time  shared  between  the  radar  ex¬ 
periment  and  a  multifrequency  laser  experiment. 
The  two  channels  of  radar  data  were  sampled  in 
two  groups  of  40  and  \0  range  bins.  Faich  range 
bia  corresponded  to  a  range  resolution  of  37.5 
meters.  The  fit  St  40  range  bins  were  set  to 
begin  sampling  at  a  range  of  4.1  km  and  were 
used  to  sample  the  video  from  the  dust  cloud. 
The  second  set  of  10  range  bins  was  set  to 
sample  the  video  from  the  bluff  and  mountain 
behind  the  blast  area.  The  video  samples  from 
the  two  groups  of  range  gates  were  digitized 
and  stored  in  a  ouffer  accumulator.  The  accu¬ 
mulator  summed  the  digitized  values  from  each 
range  cell  for  50  consecutive  radar  pulses  be¬ 
fore  recording  the  values  on  the  data  tape. 

Each  record  on  the  data  tape  contained  two  sets 
of  radar  data;  each  set  contained  400  words 
corresponding  to  the  50  range  cells  of  sampled 
video  from  each  of  the  eight  radar  channels. 

In  addition  to  the  radar  and  laser  da;?,  each 
record  contained  65  header  words  defining  the 
time  and  spatial  parameters  as  well  as  status 
and  antenna  command  information. 
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Figure  1.  Functional  diagram  of  instrumentation  radars 


Pidar  Parameters 
MISERS  BLUFF  II  -  Event  II 


Frequency  (GHz) 

9.375 

35 

69.7 

j  Antenna 

Size  (ft) 

10 

3 

1.5 

Bcaicwldth  E-oIanc 

0.78 

0.70° 
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.62° 
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Isolation  H/V  (dB) 

40  i 

40 
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47 

48 

48 
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PRF  (Hz) 
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1000 
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i 
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12 

12  ! 

80 

Dynamic  Range  (dB) 

70 

70 

50 
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Log 

Log 

Log 
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EI0 
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3 .  EXPERIMENTAL  PROCEDURES 

This  experiment  was  designed  to  measure 
the  magnitude  of  the  radar  cross-sectiun  and 
the  attenuation  constants  associated  with  the 
dust  cloud  at  each  of  the  four  frequencies. 

The  radars  were  located  approximately  4.9  kn 
from  ground  zero.  A  ridge  approximately  10  m 
high  and  0.8  km  in  front  of  ground  zero  ob¬ 
scured  a  direct  view  of  the  stacks  of  explo¬ 
sives.  A  mountain  further  in  range  ended  in  a 
near  vertical  bluff  200  me  :ers  beyond  ground 


zero.  A  trihederal  corner  reflector  was  placed 
on  the  bluff  to  serve  as  a  reference  target  for 
the  attenuation  measurements.  A  second  tri- 
hederal  corner  reflector  placed  at  the  peak  of 
the  mountain  served  as  a  target  for  aligning 
the  4  radars  to  a  common  boresite  and  also  as  a 
secondary  calibration  reference. 

A  precision  machined  dihederal  corner  re¬ 
flector,  rotated  22.5  degrees  from  the  vertical, 
was  used  to  calibrate  both  the  horizontally  and 
vertically  polarized  channels  of  the  radar  prior 
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to  detonation.  After  the  radars  were  calibra¬ 
ted,  samples  of  'he  signal  returned  from  the 
corner  reflectors  located  on  the  bluff  and 
mountain  were  recorded  on  the  data  tape.  The 
radars  were  then  pointed  immediately  above 
ground  aero  and  remained  at  that  position  until 
8  seconds  after  detonation.  At  that  tine  the 
radars  were  directed  to  the  corner  reflector 
located  on  the  bluff  to  provide  samples  of  the 
radar  return  for  comparison  to  the  pre-detonation 
values.  The  locations  of  the  two  corner  reflec¬ 
tors  are  indicated  in  Figuie  2.  A  television 
camera  co-boresited  with  the  radars  was  used 
for  positioning  the  center  of  the  scan  sector. 
Figure  3  shows  the  television  display  30  sec¬ 
onds  after  detonation.  Twcnty-s’x  seconds 
after  detonation  the  antenna  was  commanded  to 
start  a  raster  scan  cf  the  dust  cloud.  Both 
computer  controlled  raster  scanning  and  manual 
positioning  of  the  radar  antennas  were  used 
throughout  the  remainder  of  the  test. 


Figure  2.  Television  display  showing  lo¬ 
cation  of  corner  reflectors 
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Figure  3.  Television  display  showing  the 
dust  cloud  30  seconds  after 
detonation 

4.  EXPERIMENTAL  RESULTS 

4 . 1  Volumetric  Radar  Cross-Section 

Serected  data  over  the  time  interval  of  2 
to  94  seconds  after  detonation  have  been  re¬ 
duced  to  plots  and  tabulations  of  volumetric 
radar  cross-section.  Values  were  not  corrected 


for  attenuation  due  to  the  dust  cloud  and  were 
computed  for  a  fixed  range  of  5  km.  Figure  4 
is  a  range  profile  of  the  9.4  GHz  and  35  GHz 
r„dar  signal  10  seconds  prior  to  detonation. 
Clearly  visible  are  the  radar  returns  from  the 
ridge  at  4.2  km  and  the  bluff  at  5.2  km.  The 
signals  beyond  5.8  km  are  side  lobe  returns  from 
the  mountain  behind  ground  zero.  Between  the 
ridge  and  the  bluff  only  the  radar  baseline 
noise  is  seen.  Figure  5  shows  the  radar  signals 
received  two  seconds  after  detonation  at  fre¬ 
quencies  of  9.4  GHz  and  35  GHz.  A  summary  of 
the  maximum  radar  cross-section  values  observed 
throughout  the  range  extent  of  the  dust  cloud 
is  given  in  Table  II.  Included  in  the  table  are 
the  antenna  pointing  angles  and  the  range  at 
which  the  maximum  signal  occurred. 

4 .2  Fiequencv  Dependence 

The  exponent  of  the  frequency  dependent 
term  describing  the  radar  cross-section  must 
be  determined  before  an  adequate  radar  perform¬ 
ance  model  can  be  developed.  To  lessen  the 
offset  of  accumulated  errors  due  to  attenuation 
at  ranges  deep  within  the  cloud,  the  frequency 
exponent  was  calculated  only  over  the  first  six 
range  cells.  Tile  calculated  values  of  the  ex¬ 
ponents  determined  from  the  9.4  GHz  and  the  35 
GHz  measurements  are  listed  in  Table  III.  From 
this  table  it  is  clear  that  the  frequency  ex¬ 
ponent  is  a  function  of  time  in  large  artiii- 
cially created  dust  clouds  such  as  that  gener¬ 
ated  by  the  MISERS  BLUFF  II  test.  This  is  seen 
in  the  model  used  bv  Burns  and  3entley  (1977) 
where  the  model  vas  broken  down  into  early, 
intermediate,  and  late  time  periods. 

4 .3  Attenuation 

The  corner  reflector  which  was  set  upon 
the  bluff  as  a  reference  for  the  attenuation 
measurements  was  knocked  over  by  the  shock  wave 
resulting  from  the  blast.  However,  ovir  the 
time  period  of  0  to  6  seconds  the  antenna  point¬ 
ing  angle  varied  less  than  0.2  degrees.  Based 
on  the  value  of  the  signal  returned  from  the 
bluff  prior  to  detonation, the  attenuations  for 
the  9.4  CHz  and  35  GHz  radars  were  calculated. 
The  justification  for  using  the  bluff  as  a 
reference  is  based  on  the  fact  that  the  signal 
from  this  area  had  previously  appeared  to  be 
reasonably  stationary  in  character  when  viewing 
the  raw  video.  In  addition  the  data  which  were 
recorded  had  effectively  been  smoothed  by  the 
summation  of  the  signal  from  50  consecutive 
radar  pulses.  The  two-way  attenuation  calcu¬ 
lated  from  these  data  indicate  that  at  X-band 
less  than  0.5  dB  of  attenuation  would  be  ex¬ 
pected.  At  35  GHz  the  maximum  calculated  value 
was  12.2  dB.  Additional  analysis  o'  the  avail¬ 
able  data  hopefully  will  allow  a  better  defini¬ 
tion  of  the  attenuation  function. 

5.  CONCLUSIONS 

The  data  which  have  been  analyzed  represent 
only  a  small  sample  of  the  much  larger  data  base 
which  was  generated  during  this  experiment .  While 
some  trends  may  be  indicated  by  the  few  samples, 
a  much  more  thorough  investigation  of  the  total 
data  base  is  needed. 
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Figure  4.  Range  profile  showing  characteristics 
of  radar  signal  prior  to  detonation 
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Figure  5.  Range  profile  showing  characteristics  of 
radar  signal  2  seconds  after  detonation 
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CLOUDS— MODELS  AND  PROPAGATION  EFFECTS 


Dr.  Janes  H.  Thompson 
General  Electric — TEMPO 
Santa  Barbara,  California 

ABSTRACT* 


1.  INTRODUCTION 

In  a  nuclear  battlefield  environment,  large 
extensive  dust  clouds  are  generated  by  low  alti¬ 
tude  and  surface  nuclear  bursts.  In  a  tactical 
battlefield  environment  a  great  number  of  small 
dust  clouds  are  produced  by  munitions  impacting 
the  ground.  Millimeter  and  suLmillimeter  waves 
propagating  through  these  dust  clouds  ..an  suf¬ 
fer  various  degiading  effects  including  absorp¬ 
tion,  scattering,  decorrelation,  and  scintilla¬ 
tions.  Under  contracts  from  the  U.S.  Army 
Atmospheric  Sciences  Laboratory  and  the  Defense 
Nuciear  Agency,  General  Eleccric — TEMPO  has 
developed  models  describing  the  tactical, 
Thompson  (22  November  1978) ,  and  the  nuclear, 
Thompson  (1  November  1978),  dust  clouds  and  the 
absorption  and  scattering  propagation  effects. 


Is  there  sufficient  dust  in  tactical  and 
nuclear  dust  clouds  to  cause  significant  prop¬ 
agation  effects  for  millimeter  waves?  A  rough 
rule  of  thumb  is  1  dB  of  total  attenuation  for 
each  gram  per  square  centimeter  of  path  inte¬ 
grated  dust  mass  for  a  100-GHz  (3  nm)  wave. 

Some  typical  pati  integrated  dust  mass  values 
are  10  to  20  gn  cm-2  for  tactical  dust  clouds 
at  early  times;  for  nuclear  dust  clouds  the 
pedestal  region  has  values  of  about  1  to  5 
gm  cm-2;  the  stem  fallback  region  can  have  100's 
of  gm  cm-2  or  larger;  at  late  times  the  rnaiu^ 
cloud  can  have  a  few  to  a  few  tens  of  gm  cm-". 

So  the  answer  is  yes;  there  are  dust  regions 
which  can  produce  5,  10,  20  dB  or  more  attenua¬ 
tion  for  mm  waves. 


I  would  like  to  give  a  brief  overview  of 
dust  clouds  from  the  systems  modeling  stand¬ 
point.  By  systems  modeling  I  am  referring  to 
computer  codes  which  analytically  model  dust 
clouds  and  the  propagation  through  these  clouds. 
Examples  of  the  systems  codes  are  RANC,  KEPI!, 
and  HOE  which  model  propagation  effects  for 
radar,  communications,  and  optical  systems  i" 
a  nuclear  dust  cloud  environment.  The  Atmos¬ 
pheric  Sciences  Laboratory  at  White  Sands  Mis¬ 
sile  Range  is  in  the  process  of  developing  the 
E-0  SAEL  code  which  will  model  propagation  ef¬ 
fects  in  a  tactical  battlefield  dust  environ¬ 
ment,  Systems  models  are  by  necessity  simpli¬ 
fied  representations  of  the  actual  physical 
processes.  The  models  are  verified  by  comparing 
model  predictions  with  experimental  data  taken 
in  test  events. 


♦Abstract  is  at  the  end  of  the  paper. 
Author  did  not  comply  with  format. 


2.  DUST  REGION  MODELS 

Figure  1  shows  a  sketch  of  the  dust  regions 
generated  by  a  surface  or  near  surface  nuclear 
burst .  The  dust  in  the  main  cloud  comes  pri¬ 
marily  from  the  crater  ejecta.  Additional  dust 
can  be  transported  up  into  the  main  cloud  through 
the  stem  by  the  afterwinds.  There  is  also  dust 
in  the  stem  and  the  extensive  pedestal  region 
surrounding  the  stem.  The  dust  cloud  generated 
by  a  tactical  munition,  such  as  a  nor tor  or 
artillery  shell,  impacting  the  ground  will  have 
similar  dust  regions  as  the  nuclear  cloud.  The 
tactical  dust  cloud  will  h.-ve  a  main  cloud  and  a 
stem,  but  the  pedestal  region  will  be  much 
smaller  proportionally  in  height  and  extent. 
large  pedestal  regicn  is  uniquely  a  nuclear  ef¬ 
fect.  The  differences  between  nuclear  and  tac¬ 
tical  dust  clouds  are  primarily  that  of  scale — 
sizes  in  nuclear  clouds  art  measured  in  kilo¬ 
meters  while  sizes  in  tactical  clouds  ate  meas¬ 
ured  in  meters. 


Figura  1.  Nuclear  dust  regions. 

2.1  Nuclear  Dust  ..odels 

Figure  2  shows  the  model  geometry  for  the 
main  dust  cloud  for  the  nuclear  case.  The  size 
distribution  of  the  dust  particles  Is  divided 
into  8  size  groups,  ranging  in  diameter  from 
0.001  to  10  centimeters.  The  geometry  of  each 
size  group  is  assumed  to  be  cylindrical.  The 
particles  of  each  size  group  are  assumed  to  be 
uniformly  distributed  within  the  volume  of  their 
cylinder.  Initially  all  cylinders  are  the  sate 
size  and  3re  contained  within  the  fireball.  At 
lata  times  each  cylinder  falls  with  the  char¬ 
acteristic  velocity  of  its  size  particles.  Each 
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Figure  2.  Model  geometry  for  main  nuclear 
cloud . 


cylinder  has  the  same  radius  as  the  fireball 
until  the  cylinder  falls  free  of  the  fireball, 
then  the  cylinder  radius  regains  constant.  Fig¬ 
ure  3  shows  the  model  geometry  for  the  nuclear 
stem  and  pedestal  dust  regions.  Again  cylin¬ 
drical  geometry  is  assumed.  The  dust  particles 
are  again  divided  into  a  number  of  size  groups. 
Here  the  radii  of  each  size  group  is  taken  to 
be  the  same,  but  the  top  of  each  size  group 
falls  with  its  own  characteristic  velocity. 

Model  equations  have  been  developed  for  the 
growth,  rise,  and  fall  of  each  region — cloud, 
stem,  and  pedestal —  as  well  as  for  the  dust 
loading  of  each  region.  Interested  readers  are 
referred  to  the  reports  for  the  detailed 
descriptions  and  equations. 


Figure  3.  Pedestal  and  stem  geometry  for 
nuclear  dust. 

2.2  Munitions  Dust  Models 

Figure  4  shows  a  sketch  of  the  munition 
dust  cloud  formation  and  development.  He  ig¬ 
nore  the  extremely  fast  formation  processes 
and  assume  an  initial  cloud  is  formed  instan¬ 
taneously  at  burst  time.  The  dust  particle 
size  distribution  is  divided  into  a  fairly 
large  number  (20  to  SO)  of  individual  size 
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Figure  4.  Munition  dust  cloud  development. 

groups.  The  geometry  of  each  size  group  is  taken 
to  be  spheroidal,  rather  than  cylindrical  as  in 
the  nuclear  case.  Also  the  mass  distribution 
within  each  group  is  no  longer  assumed  to  be 
uniform,  but  is  taken  to  be  Gaussian  along  each 
of  tne  three  spheroidal  axes.  All  size  groups 
are  assumed  to  occupy  the  same  volume  of  the 
initial  cloud  at  time  zero.  He  model  the  rise, 
expansion,  wind  transport,  and  diffusion  of  each 
size  group  separately.  The  lightest  particles 
’.’ill  rise,  expand,  transport,  and  diffuse  at  the 
fastest  rates,  while  the  heavier  particles  will 
lag  behind  and  fall  out.  Figure  5  shows  a 
sketch  of  the  size  groups  in  rhe  dust  cloud. 

Again  interns. eu  readers  are  referred  to  the 
reports  for  details  and  equations. 

uiuust  swt  C-SOSi? 
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Figure  5.  Size  groups  in  dust  cloud.- 
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3.  SIZE  DISTRIBUTIONS 

The  two  most  conation  probability  distribu¬ 
tions  used  to  describe  particulates  (whether  dust, 
sncke,  has._- ,  fog,  rain,  or  debris)  are  the  power 
law  and  the  log-normal  distribution.  For  oust 
particles  a  hybrid  distribution  is  also  used; 
the  hybrid  uses  a  log-normal  distribution  for 
the  smaller  sized  part icles  joined  to  a  power 
law  distribution  for  the  larger  sized  particles. 
Under  conditions  of  heavy  dust  aerosol  loading, 
there  appear  to  be  two  distinct  size  modes  pres¬ 
ent,  Patterson  (1977).  The  small  particle  mode 
is  termed  mooe  A,  is  log-normally  distributed, 
and  is  thought  to  be  due  to  the  breaking  up  of 
loose  soil  aggregates  by  the  sandblasting  pro¬ 
cess  due  to  wind  erosion.  For  explosively 
formed  clouds,  the  blast  ar.d  craterir.0  pro¬ 
cesses  can  also  be  expected  to  break  up  the  soil 
aggregates.  The  larger  mode,  mode  B.  has  the 
hybrid  distribution  and  is  due  to  the  soil  ag¬ 
gregates  themselves.  Figure  6  shows  tile  two¬ 
mode  size  probability  distributions. 


Figure  6.  Particle  size  probability 
disti  ibiil ions . 

4 .  HIE  CALCULATIONS 

For  a  given  propacat ion  path  through  a  dust 
region,  the  models  determine  the  total  amount 


of  dust  mass  penetrated  and  the  size  distribu¬ 
tion  of  the  dust  particles.  He  use  an  exact 
Mie  calculation  to  calculate  the  absorption, 
scattering,  and  extinction  coefficients  for  the 
dust  particles.  Our  standard  Mie  calculation 
for  spherical  particles  is  a  new  improved  ver¬ 
sion;  the  computer  routine  is  compact,  fast 
running,  and  accurate  for  any  combination  of 
wavelengths  and  particle  sizes.  Since  dust 
particles  are,  in  general,  irregular  and  non- 
sp'nerical,  several  researchers  have  suggested 
modifying  the  standard  Mie  calculations  to  cor¬ 
rect  for  the  nonspnericity.  Chylek  (1976)  has 
shown  that  a  simple  modification  to  the  standard 
Mie  solutions  yields  scattering  pattern  results 
for  nonspherical  nart icles  which  are  in  good 
agreement  with  experimental  data.  The  modifica¬ 
tion  eliminates  the  effects  of  the  surface 
waves  that  are  present  in  scattering  by  non¬ 
spherical  particles.  An  option  has  been  pro¬ 
vided  in  the  computer  routines  to  use  the 
Chylek  method.  Figure  7  shows  an  example  of 
some  scattering  and  total  (scattering  plus  ab¬ 
sorption)  cross  sections  fo^  spherical  par¬ 
ticles  with  a  power  law  size  aistributic  i  for  a 
variety  of  frequencies  and  power  law  exponents. 


Figure  7.  Scattering  and  total  cross  sections  for 
dust  particles  fros  dry  sandy  soil  hav¬ 
ing  a  power  law  size  distribution. 
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ABSTRACT 


In  a  nuclear  battlefield  environment,  large 
extensive  dust  clouds  are  generated  by  low  alti¬ 
tude  and  surface  nuclear  bursts.  In  a  tactical 
battlefield  environment,  a  great  number  of  small 
dust  clouds  are  produced  by  munitions  impacting 
the  ground.  Millimeter  and  submillimeter  waves 
propagating  through  these  dust  clouds  can  suffer 
various  degrading  effects  including  absorption, 
scattering,  decorrelation  and  scintillations. 

Under  contracts  from  the  U.  S.  Army  Atmos¬ 
pheric  Sciences  Laboratory  and  the  Defense  Nu¬ 
clear  Agency,  General  Eiectric-TEMPO  has  devel¬ 
oped  models  describing  the  tactical  and  nuclear 
dust  clouds  and  the  absorption  and  scattering 
propagation  effects.  A  nev  efficient  exact  Mie 
cross  section  code  has  been  developed.  This 
code  calculates  the  Mie  absorption  and  scatter¬ 
ing  cross  sections  and  scattering  pattern  for 
both  individual  particles  and  for  distribu¬ 
tions  of  particles.  Utilizing  the  Mie  para¬ 
meters,  analytic  algorithms  have  been  developed 
tc  calculate  the  absorption,  single  and  multiple 
scattering  effects.  Sample  calculations  of 
dust  cloud  models  and  propagation  effects  are 
presented  and  compared  with  the  exact  theoreti¬ 
cal  or  experimental  data. 
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ABSTRACT 

Considerable  attention  is  currently  being 
given  to  EHF  (30-300  GHz )  systems ,  in  part  due  to 
their  ability  to  penetrate  most  adverse  atmo¬ 
spheric  conditions  (dust,  smoke,  clouds,  fog, 
light  rain).  To  assess  the  "all-weather"  capabil¬ 
ities  of  Such  systems  requires  accurate  predic¬ 
tions  of  the  propagation  effects  under  varying 
conditions  of  weather,  height,  location,  etc. 

This  complex  task  involves  molecular  absorption 
from  oxygen,  water  vapor,  and  several  trace  gase., 
(0j,  CO,  etc.)  and  absorption  and  scattering  loss 
from,  particulates'*.  Host  applications  will  oper¬ 
ate  in  the  four  spectral  windows  of  the  EHF  region. 
Observations  in  clear  air  by  laboratory-- 17  and 
field1 a-' 5  experiments  have  found  in  these  windows 
the  existence  of  _..omalous  water  vapor  absorption 
(AHA) .  Anomalous  implies  that  no  reliable  model 
exists  to  predict  the  effects  of  AHA.  In  parti¬ 
cular,  it  was  found  that  AHA  increases  in  a  com¬ 
plicated  manner  with  hiraidity. 

This  paper  reviews  the  AHA  problem  oefc-re  the 
background  of  the  known  molecular  absorption 
characteristics  ar.d  discusses  possibilities  to 
gain  a  better  understanding  of  the  underlying 
physical  phenomena. 

1.  INTRODUCTION 

The  number  of  millimeter  w«.ve  systems  oper¬ 
ating  through  the  atmosphere  in  the  EHF  band 
(30-300  GHz)  is  growing  rapidly.  The  mostly 
tactical  applications  are  short-range  (1-5  fc=) 
for  wideband  cocmunications  and  for  sensors  with 
high  spatie.  resolution.  Active  (radar)  and 
passive  (radiometer)  seekers  can  ’look"  through 
dust,  fog,  clouds,  and  light  rain  thus  g 
them  an  advantage  over  infrared  and  electro- 
optical  devices.  The  performance  of  these  systems 
is  most  seriously  affected  by  the  transparency  of 
the  atmosphere;  hence,  most  of  then  operate  in 
four  EHF  window  ranges  (Fig.  1).  Transparency  is 
tightly  coupled  to  the  effects  of  wist  weather. 
Propagation  limitations  in  range  or  elevation 
angle  increase  with  the  amount  of  wale,  vapor 
present  in  the  path;  i.e. ,  as  the  conditions 
change  from  clear  and  dry  to  cloudy  and  wet. 

1.1  EHF  P.efractivity  and  Propagation  Factors 

The  refractivity  N  is  a  convenient  macro¬ 
scopic  measure  of  the  somewhat  complicated  inter¬ 
action  between  millimeter  waves  and  the  molecules 
that  comprise  the  atmosphere.  Scattering  is 
neglected  since  the  air  mass  is  <,ssuaed  to  be 
calm  and  clear.  The  spectroscopic  base  for  he 
microwave  N-value  (frequency  v  <  20  GHz)  of 
air  requires  only  three  parameters  to  relate 
the  propagation  effects  of  the  medium  to  three 
meteorological  variables:  dry  air  p-essure  o. 


temperature  T,  and  water  vapor  density  p. 
Laboratory  measurements  under  well-controlled 
p-T-o  conditions  have  been  the  most  reliable 
source  for  these  parameters?  The  EH?  range 
(v  =  20  to  300  GHz)  requires  more  than  200 
additional  spectroscopic  parameters  to  express 
the  properties  of  molecular  absorption  lines 
in  a  p-T-o  scheme.'7 

The  "microwave"  refractivity  of  soist  air 
is  real,  frequency  independent  and  given  by 

Hq  =  (2.589p  +  5.76s)t  +  0.331p  (ppm).  (1) 

Hater  vapor  density  o  and  partial  vapor  pressure 
p  are  related  as  follows: 

P  =  7.219  pv  t  (g/a3)  ,  (2) 

where  the  temperature  parameter  is  t  =  3Q0/T(°K} 
and  the  pressure  units  (p,  pw)  are  kPa  (10  mb). 


Figure  1.  Molecular  absorption  in  sir  at  sea 
level  from  10  GHz  to  10  !Hz.  Calculation  is 
based  or,  the  AFGl**  and  ITS*7  data  bases.  T?te 
approximate  variability  due  to  water  vapor 
(shaded  area)  is  shown  for  the  EHF  window  ranges 

GHz  a,  dB/fcm 


HI  24-41  <0.1 

W2  72-110  <0.4 

H3  126-160  <2 

W4  200-260  <5 


Editors’  Note:  Author  did  not  follow  the  re¬ 
quested  procedure  fv,r  quotation  of  refer¬ 
ence*. 


The  "EHF“  refractivity  N  of  moist  air  is 
complex,  highly  frequency  dependent,  and  can  be 
expressed  as 

N  =  N0  +  ^(S  F,)i  +  n;  +  jjus  F")i+N;l  (ppm). 

(3) 

The  molecular  spectra  are  of  two  kinds: 

(a)  The  line  spectra  of  absorption  (amplitude 
attenuation)  SF"  and  dispersive  refraction 
(nonlinear  phase  shift)  SF1  with  a  strength 
S  in  units  of  kHz  and  shape  factors  F*  and 
F"  in  units  of  GHz"1;  the  sums  range  over 
all  spectral  lines  identified  to  make  EHF 
contributions.  The  calculation  of  (3)  takes 
into  account  36  02  lines,  6  H20  lines,  and, 
if  needed,  includes  a  data  base  for  trace 
gas  spectra  (>100  03,  2  CO.  64  N20  lines) 
which  are  generally  weak.48 

(b)  Nonresonant  water  vapor  spectrum  N'  and  N" 
due  to  wing  terms  of  very  strong  infrared” 
lines  plus  additional  contributions  not 
fully  understood. 

The  power  attenuation  and  phase  delay  ra  ■the 
standard  propagation  factors,  are  simply 

a  =  0.1820v  1m  N  (dB/km)  ,  (4) 

*  -  0.0209v  Re  N  (radians/km)  ,  (5) 

where  Im  stands  for  "imaginary  part  of"  and  Re 
for  "real  part  of",  and  the  frequency  v  is  in 
GHz. 

2.  MOLECULAR  ABSORPTION 

The  molecular  absorption  (Eqs.  3,  4)  of  moist 
air  has  two  main  contributors  in  water  vapor 
and  oxygen, 

cx  =  ot-j  (HgO;  +  <*2  (C2)  .  (6) 

Water  vapor  absorption  has  three  significant 
terms , 

<*1  =  +  («f  +  «x)  (dB/km)  ,  (7) 

whereby 

csj,  =  22  GHz  and  183  GHz  lines; 

=  far  wings  of  lines  extending  beyond 
300  GHz  up  to  13  THz; 

gx  =  anomalous  water  vapor  absorption  (AWA). 

The  calculation  scheme  .'or  the  spectral  line 
contributions,  af  and  a2  has  been  verified  by 
accurate  laborato'ry  measurements.47'  52  The 
water  vapor  continuum  absorption, 

aw  =  af  +  ax  (dB/km)  ,  (7a) 

determines  the  transparency  in  the  four  EHF  window 
ranges  (Fig.  1).  At  present,  this  contribution 
cannot  be  modeled  reliably  with  the  usual  p-t-p 
scheme  for  clear  air. 


2.1  Molecular  Absorption  Peaks 

Predicted  results  for  a  when  based  on 
available  range  or  height  profiles  of  p,  t,  p 
are  in  good  agreement  with  obset nations  in  the 
vicinity  of  the  absorption  peaks.  The  spectral 
line  properties  (center  frequency  v  ,  strength 
S,  shape  F)  of  the  major  absorbers  o2  and  H20 
have  been  established  by  extensive  series  of 
accurate  laboratory  measurements.  The  weaker 
water  vapor  continuum  (Eq.  7a)  is  not  critical 
around  '  ie  center  frequencies.  Examples  for 
the  EHF  spectrum  of  oxygen  are  depicted  in 
Figure  2. 

2.2  EHF  Transmission  Windows 

Atmospheric  windows  are  the  valleys  between 
absorption  peaks  (see  Figure  1)  of  molecular 
resonances  at  22  GHz  (H20),  60  GHz  (02),  119  GHz 
(02),  183  GHz  (H20),  325  GHz  (H20).  It  is  gen¬ 
erally  accepted  that  the  window  transparencies 
in  moist  air  are  determined  by  a  water  vapor 
continuum  spectrum  which  is,  however,  the  least 
understood  since  it  is  difficult  to  measure 
quantitatively.  In  almost  all  cases,  measured 
attenuation  values  with  supportive  environmen¬ 
tal  data  are  higher  than  predictions  based  upon 
known  line  shape  theory.  So  far,  it  has  not 
been  possible  to  uniquely  identify  the  absorp¬ 
tion  mechanism  responsible  for  the  AWA  contribu¬ 
tion. 


Figure  2.  Peak  attenuation  rates  o  due  to 
oxyyen  resonances  (~a2)  in  the  45  to  122  GHz 
range  at  various  altitudes  h.48 


119 


PI PH 


The  continuum  absorption  a  =  a,  +  a  is 
estimated  for  predictive  modeling  byempirical 
expressions  d< rived  from  fitting  a  few  available 
data  points.  We  adopted  a  formulation  intro¬ 
duced  by  Gaut  and  Reifenstein  *  and  cast  it  for 
use  in  (3)  into  the  form 


N"  »  2.6-10"7  P  t2,1p  v 


Nw  *  3.6-10'5  t^pv0'1 


•'ppm)  (8) 


(ppm)  (9) 


It  seems  that  the  water  vapor  density  «  is  the 
single,  most  important  parameter  in  determining 
the  propagation  limitations  within  the  four 
EI1F  windows. 

2.3  Physical  Properties  of  Atmospheric  Water 
Vapor 

To  understand  and  predict  EHF  continuum 
spectra,  one  has  to  kno.f  more  about  atmospheric 
water  vapor  density  p  than  a  number.  Surface 
densities  p  vary51*  typically  between  0.1  (dry, 
winter,  polar)  and  40  g/m3  (wet,  summer,  tropi¬ 
cal).  The  maximum  density,  the  saturation  point 
Ps,  is  approximated  by 

(a)  (b) 

P  <  p,  =  17.39  t6  10(1°-9-834t)  «  25  t"17  (g/m3). 


The  saturation  density  defines  relative  humidity, 


RH  i  (p/ps)  100=  4  pt1  (?)  , 

and  limits  the  partial  water  vapor  pressure 
roughly  (eq.  12b)  to 


pw  «  3,5  t_ 


(kPa)  . 


The  humidity  condition  RH  =  100%  is  a  delicate 
balance  point  for  phase  changes  (evaporation, 
condensation,  precipitation).  The  density  p 
changes  over  a  wide  range  with  temperature: 


T 

t 

t"17 

Ps(true)1' 

Ps02a) 

Ps(12b) 

°K 

333.3 

0.9 

6.00 

130.35 

g/m3 

130.4 

150 

300 

1 

1 

25.50 

25.5 

25 

*273.16 

1.098 

0.203 

4.850 

4.84 

5 

250 

1.2 

0.045 

0.822 

0.822 

1 

|*Triple  Point.  +Smithonian  Hydrometric  Table 

Molecular  absorption  generally  is  assumed  to 
be  proportional  to  the  molecular  number  density 
H.  The  ideal  gas  law  predicts  for  water  vapor 


Mi  =  3.346  •  10 


(1/cm3) 


Water  vapor  is  an  imperfect  gas.  From 
calorimetric  measurements  it  is  known  that 
there  are  slightly  more  H20  molecules  per  unit 
volume  than  predicted  by  (15).  The  gas  law  is 
corrected  to 


Mw  =  [(1/M.j }  *  B(t)]‘ 


(1/cm3) 


by  introducing  the  second  virial  coefficient  B. 
Very  few  values  have  been  reported  for  atmo¬ 
spheric  temperatures:53 

t  0.96  1.04  1.18 

B(cm3)  -2.3  -1.6  -0.93  x  IQ-21  . 

Based  on  these  data,  even  at  saturation  the 
deviation 


6  =  (Mw/M.)  -  1 


turns  out  to  be  small: 


T 

t 

B 

ps 

6,  % 

333 

0.9  -2.8 

X 

10"21 

130 

+ 

1.23 

300 

1  -1.9 

X 

10"21 

25.5 

+ 

0.16 

250 

1.2  -0.9 

X 

lO"^1 

0.82 

+ 

0.0025. 

Up  to  this  point,  moist  air  was  treated  as 
a  molecular  p-t-p  parameter  system  in  thermo¬ 
dynamic  equilibrium.  Such  simple  description 
reflects  the  experimentally  accessible  proper¬ 
ties  of  molecules  and  is  only  valid  in  calm  air 
as  long  as  the  t-p  combinations  keep  the  air 
well  (RH  <  60%)  below  saturation.  The  optical 
property  "cK-ar"  is  generally  associated  witn 
the  full  humidity  range,  RH  <  100%  and,  in 
effect,  only  implies  that  any  suspended  parti¬ 
cles  are  invisible.  The  microphysics  of  clouds55’57 
tells  us  that  there  are  many  invisible  aerosol 
particles  in  natural  air.  They  are  smaller  in 
size  than  about  0.2  pm  dia  and  are  at  that  size 
already  uade  up  by  =10®  H20  molecules. 

Clarifications  for  inadequacies  in  the  treat¬ 
ment  of  the  EHF  continuum  spectrum  (Eqs.  7  to  9) 
lie  in  understanding  the  variability  of  a  multi¬ 
phase  atmospheric  system  consisting  of  H20  and 
other  molecules,  of  suspended  foreign  particles, 
and  of  aerosols  that  spontaneously  reach  visi¬ 
ble  sizes  (>  0  2  pm  dia)  when  RH  exceeds  130 
percent. 

On  the  macroscopic  scale  one  knows  that?5’57 

(a)  Condensation  nuclei  in  the  form  of  foreign 
particles_(size  <  0.01  pm  dia)  are  amply 
(>  10s  cm"3)  suspended. 

(b)  Increase^  in  RH  above  70  percent  foster 
"condensation"  and,  on  the  other  hand, 
decreases  cause  "evaporation"  of  H20 
molecules  from  around  the  nuclei. 

(c)  The  smallest  stable  droplet  has  a  size  of 
of  «0.05  pm  dia  (106  molecules). 
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(d)  The  RH  varies  sharply  with  temperature 
(Eqs.  13,  2,  12b), 


RH  a  28  pw  t 


(*)  • 


(e)  The  condensation  process  (e.g.,  aerosol 
growth  rate)  avalanches  when  RH  >  100. 
Visible  sizes  are  reached  within  milli¬ 
seconds  and  are  noticed  as  haze  (0.1  -  1  pm 
dia),  fog  (1  -  40  pm),  mist  (40  -  100  pm), 
drizzle  (0.1  -  0.5  mnt),  or  rain  (0.5  -  8  mm) 
when  t  <  1.1. 

(f)  Suspended  droplets  are  called  aerosol  and 
distinguished  in  two  classes:  permanent, 
mostly  invisible  (0.01  to  0.4  pm  dia)  and 
temporary,  visible  (0.4  to  100  pm  dia). 
Gravity  causes  droplets  to  fall  out  when 
a  critical  size  is  exceeded  (range  of 
size/fall  velocity:  0.1/0. 5  to  6/10 
mm/ms"1 )• 

(g)  Invisible  liquid-like  droplets  might  exhibit 
the  dielectric  bulk  properties  of  water 
reduced  by  their  mass  fraction  v, 

N",u  =■  7.09  •  105  [K(/02  »-  1  -  1)]1/2  v  (ppm)  , 


yielding  (Eqs.  19,  4), 


30  25  1.2  10  '  1.4 

300  8  1.0  10'7  7.0  . 

K  and  D  are  dielectric  constant  end  loss 
tangent,  respectively,  of  pure  water  at  20°  C 
(for  dielectric  properties  of  ice  see 
Ref.  4  ). 

(h)  A  drop  in  temperature  oy  10  degrees  decreases 
the  water  varo*-  density  of  saturated  air  by 
50  percent. 

(i)  Substantial  amounts  of  energy  are  released 
during  condensation  which  were  stored  in 
the  random  motion  of  H20  molecules  (latent 
heat  of  vaporization  is  on  the  order  of 
0.5  kcal  g/g). 

(j)  As  a  consequence  of  (i)  the  medium  is 
perturbed  in  its  thermodynamic  equilibrium. 
The  condensation  process  provides  "fuel" 
for  adverse  weather.  Depending  upon  the 
suddenness,  tne  amount  of  cooling,  ard  the 
water  vapor  supply,  more  or  less  violent 
updrafts  (such  as  cumulonimbus  clouds  in 
thunderstorms)  feed  a  turbulent  air  motion. 
Small  aerosols  are  lofted  onco  the  upper 
region  of  a  forming  cloud  while  the  larger, 
heavier  ones  remain  suspended  at  lower 
levels.  The  small  aerosols  carry  a  positive 
charge,  the  lower  levels  take  on  a  negative 
charge.  The  charge  separation  generates 
high  electric  field  strengths  and  lightning 
discharges  occur  when  a  value  of  about 

30  MV/m  is  reached. 


On  the  microscopic  scale  one  suspects 
(mostly  based  on  anomalous  behaviors  of  the  . 
water  vapor  continuum  spectra  at  EHF  and 
infrared  windows):1  5  > 2  *  * 42  *  * 6 

(k)  Water  polymers  or  clusters  (H20)n  are 
formed  and  kept  together  by  intermolecular 
hydrogen  bonds.* 

(l)  The  dimer  (n=2)  is  the  most  prevalent 
cluster  size  monotonically  decreasing  with 
higher  n. 

(m)  In  case  ionization  takes  place  (e.g., 
natural  radiation,  high  electric  field 
strength,  etc.),  ion  hydrates  or  ion- 
induced  neutral  clusters  are  generated 
with  sizes  ranqinq  from  n  =  2  to  30  and 
peaking  around  n  %12.  A  cluster  of  size 
n  =  12  has  an  approximate  diameter  of  10' 3 
pm. 

In  the  simple  picture  sketched  by  facts  and 
hypotheses  (a)  to  (m),  one  finds  various  argu¬ 
ments  to  explain  anomalous  behavior  of  water 
vapor-related  absorption.  The  fundamentals  o* 
clear,  moist  air  behavior  must  be  expanded 
beyond  a  simple  p-t-p  relationship. 

2.4  Anomalous  Water  Vapor  Absorption  (AWA) 


AWA  is  defined  as  the  component  of  absorp¬ 
tion  that  cannot  be  attributed  to  the  estab¬ 
lished  molecular  spectroscopic  data  base,  lhe 
distinction  betweer  a-  ("normal")  and  a 
("anomalous"),  however,  i,  not  well  defTned. 

The  line  shape  choice  (''anVleck-Weisskopf, 
Rosenkranz,  Gross)  for  features  outside  the 
frequency  range  of  in.erest  causes  substantial 
differences  in  the  magnitude  of  tjje  EHF  contin¬ 
uum  (a-)1!7  The  ATGL  compilation  lists  38,350 
H20  lines  from  20  GHz  to  331  THz  ordered  in 
seven  bands" 4  with  some  line  absorption  strengths 
exceeding  the  cne  at  22  GHz  by  factors  of  10e(!). 
We  found  that  rotational  lines  of  up  to  13  THz 
make  c' ntributions  (>  0.002  dB/km)  to  the  EHF 
continuum  v-nen  applying  the  Gross  shape.  A  fit 
to  these  results  (see  Fig.  3)  yields  approxi¬ 
mately  47 


n  ,,4-2.5  2.3 

b  pt  p  v 


(dB/km) 


about-  the  same  functional  form  adopted  for  the 
formulation  |8),  except  for  the  scale  factor, 
b  =  6.0  •  10  9. 

Experimental  EHF  attenuation  data  obeying 
(20)  in  the  window  ranges  should  be  considered 
a  low  frequency-wing-effect  of  the  H20  rota¬ 
tional  spectrum.  In  the  wing  exercise  (model 
2  in  Fig.  3),  shape  functions  are  (mis-)used  to 
calculate  intensities  on  the  order  of  10"8  of 
the  peak  value  (v  )  occurring  several  thousand 
halfwidths  below  v  .  Line  shape  theory  is 
certainly  not  able°to  truly  describe  the  real 
microscopic  situation  to  such  a  degree  of 
significance. 

*The  electron-rich  end  of  0-in  the  polar  mole¬ 
cule  H20  attracts  an  electron-poor  H  end  of  a 
neighbour  H20.  The  intermolecular  bond  has  only 
5  to  10  percent  the  strength  of  a  covalent  0-H 
bond  but  accounts  for  most  of  water's  unique 
properties. 


Table  2.  AWA  Hypotheses 


Figure  3.  Example  (p  =  101,  t  =  1,  p  =  20)  of 
EHF  continuum  water  vapor  attenuation  calculated 
by  various  methods  - 

Model  1:  Empirical  fit  (equations  8  and  4). 
Model  2:  Best  theoretical  fit  based  on  the 

summation  of  1836  stronaer  H?0  lines 
(200  GHz  -  31  THz).-7 

Model  3:  Empirical  fit  to  ITS  laboratory  data 
_ (Eg.  27). 12 _ 


AWA  is  redefined  as  the  component  a  that 
does  not  obey  the  physical  dependencies  expressed 
in  (20).  A  review  of  reported  data  is  given  in 

Table  1.  -fable  l.  AWA  Evidence 

References 

Results  Field  Data  Lab  Data 

agree  with  theory 

31 

are  larger  than 
theory  predicts 

20,21,23,24,25, 

28,32,34,36 

1,11,8 

are  proportional 
to  p 

23,24,25,33 

37,41,52 

1 

x 

increase  with  p 

19,22,29,30, 

7,3,10,12, 

(x  >  1) 

34,36,39 

13,17 

exhibit  strong  ty 
law  (y  >  2) 

21,22,39 

5,12,13 

Tnere  is  ample  evidence  of  AWA.  The  dis¬ 
crepancies  are  not  small;  i.e.,  the  ratio 
vx/a-(-  was  found  to  be  as  large  as  10.  Labora¬ 
tory  1-17  and  field  experiments  have  contrib¬ 
uted  to  gather  AWA  evidence  and  interpret 
its  meaning.  The  work  was  not  limited  to  the 
near  millimeter  wave  range  (10-1000  GHz)  but 
included  studies  of  infrared  clear  air  window 
absorption  as  well. 5,6,17,1,2  Several  hypoth¬ 
eses  have  been  brought  forward  to  explain  these 
somewhat  confusing  experimental  facts  (Table  2). 

So  far,  no  unified  AWA  treatment  exists  that 
has  a  physical  basis.  Recommendations  have  been 
expressed  for  research,  in  particular  for  hard 
data  from  controlled  experimental  studies. 


AWA  is  due  to 

References 

1)  a  special  height  distribu¬ 
tion  of  pw(h) 

29 

2)  pressure-induced,  forbidden 
transitions 

5 

3)  far-wing  line  shape  errors 

46 

4)  a  bulk  dipole  moment 
(Eq.  19) 

8,  46 

5)  a  dimer  (HgOJg  spectrum 

9,  13,  20,  23, 
30,  32 

6)  molecular  polymer  (H~0 
clusters)  spectra 

6,  17,  21,  42 

3.  FIELD  MEASUREMENTS 

EHF  window  absorption  was  measured  over 
short  horizontal  paths2 1,2  ’  *  *  9  and  to 

outer  space  through  the  total  air  mass.  Some 
of  the  latter  results  are  depicted  in  Figure  4. 
As  expected,  window  absorption  increases  with 

water  vapor  density  p.  A  more  realistic 
parameter  for  transparency  predictions  is  the 
total  preci pi  table  water  w  in  a  radio  path, 

w  =  J~ pds  ~  2.5  p0  (mm)  ,  (21) 

where  ds  is  the  path  differential (km).  Unit  of 
w  stems  from  the  fact  that  1  g  H20'is  equivalent 
1  cm3.  In  lieu  of  in  situ  height  profiles  56 
(e.g.,  radiosonde  data)  or  direct  measurements 
of  w,  it  is  common  to  use  the  measured  surface 
density  pQ  and  to  assume  for  the  height  profile, 

P(h)  =  p0  exp(-h/2  km)  .  (22) 

The  scatter  of  the  points  (10  to  30*)  in  Figure 
4  is  an  indication  of  the  difficulties  involved 
with  cumulative  absorption  measurements  conducted 
either  directly  (using  sun  emission  as  the 
source)  or  deduced  from  sky  emission  data  (eleva¬ 
tion  scans).  The  correlation  to  surface-based 
meteorological  variables  is  sometimes  poor  due 
to  the  unspecified  wide  range  of  "weather"  along 
the  path.  Another  shortcoming  is  that  most  of 
the  data  are  for  low  humidities  (RH  <  60%) 
where  anomalous  absorption  behavior  is  not  pro¬ 
nounced. 

Cumulative  data  obtained  through  a  total 
air  mass  are  difficult  to  interpret  in  terms  of 
underlying  physical  principles.  The  water  vapor 
continuum  spectrum  is  present  when  p  is  prominent; 
say  p  >  0.1  g/m3,  which  restricts  the  altitude 
range  to  be  considered  to  h  0  to  8  km.  Tropo¬ 
spheric  water  vapor  is  highly  variable  both  in 
space  and  time.  Simultaneous  measurements  of 
cumulative  attenuation 

A=y*a(s)ds  (dB)  (23) 

and  p(s),  t.s),  p(s)  are  difficult  to  accomplish. 
The  measurement  range  for  A  is  approximately 
between  0.1  and  25  dB.  Reported  window  data  for 
v  =  15  to  230  GHz  (see  examples  in  Fig.  4)  fit 
roughly  the  expression 
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Aw  =_/"awdh«  0.013  po(v/30)1*8  (dB)  (24) 

when  p  <  10  g/m3.  The  frequency  dependence  is 
close  .o  vz  as  assumed  for  equation  (20). 

An  important  variable  of  radio  slant  paths 
is  the  elevation  a-^gle  G.  Careful  measurements 
in  clear  air  yielded:1 ' 


v  ! 

_ ! 

Aw(9=90°) 

*i<e“o°)/\, 

A2 

a|/a2 

GHz 

dB 

dB 

15 

0.003  p, 

0 

173 

0.046 

68 

35 

O.Olu  p, 

0 

142 

0.168 

53 

The  dry  term  A2  follows  the  secant  law. 


A2(e)  =  A2(SO°)  /  sin  G  ,  (25) 

to  low  (>2°)  angles;  the  wet  term  increases  below 
about  10c  .nore  rapidly. 

The  AWA  contribution  is  identif’'ed  by  fitting 
an  expression  of  the  form 

«x  =  a  ex  ty  vz,  (26) 

where  a  -  ax/af  >  0,  x  >  1 ,  and  y  >  2.5  (Eq.  20). 


In  field  data  it  is  difficult  tc  recognize  such 
dependencies.  In  several  cases,15’2*’ 33,18  a 
p2  term  improved  the  otherwise  linear  p  fit  to 
measured  A  -  values  (Eq.  24).  Compari8g  measured 
attenuations  in  the  230  GHz  range  with  calculated 
values  based  upon  on-site  radiosonde  observations 
yielded,  a  -  3  to  9.32 

Similar  observations  were  made  for  the  atten¬ 
uation  rates  a  of  more  homogeneous  horizontal 
paths.  For  example,  a  short  (w  200  m)  path  oper¬ 
ated  at  182.9  GHz  exhibited  a  pronounced  differ¬ 
ence  between  clear  and  cloudy  sky  c  nditions; 
i.e.,  (3.9  vs.  4.2)p  dB/km,  which  could  be 
reconciled  when  a  temperature  term  with  y  =  10 
was  assumed.  This  is  about  three  times  the 
t-dependence  for  the  183  GHz  line.33  At  higher 
water  vapor  densities,  the  relationship  between 
a  and  p  became  nonlinear.  Data  in  the  210  to 
510  GHz  range  taken  for  p  =  4  to  11  and  t  =  1.1 
to  1.03,  clearly  showed  an  AWA  contribution  with 
x  =  2  and  y  =  16  to  30(!.). 

At  the  onset  ot  condensation,  part  of  the 
air's  humidity  (molecules,  clusters,  aerosols) 
transforms  into  visible  droplets  that  attenuate 
differently  from  Eq.  (6),  i.e.  via  scattering 
loss.”  For  example,  warm  fog  (10°  C,  p  =  1) 
attenuates  about  0,4/3  dB/km  at  95/300  GHz;  ice 
fog  (-30°  C,  p  =  ?)  attenuates  less  (0.02  dB/km 
at  97  GHz).  For  equal  density,  droplets 
attenuate  more  than  ice  spheres. 


123 


4.  LABORATORY  MEASUREMENTS 

Laboratory  measurements  play  an  important 
role  in  verifying  modeling  schemes  for  EHF  prop¬ 
erties  of  moist  air.  Generally,  all  the  spectro¬ 
scopic  parameters  (>  200)  entering  into  equation 
(3)  should  be  deduced  from  absolute  intensity 
measurements  under  well  controlled  v-D-t-o  condi¬ 
tions.  By  a  judicious  choice  of  the  experimental 
variables  it  is  possible  to  investigate  most 
parameters  separately  (e.g.,  a,  and  a^). 

Numerous  spectroscopic_studies  of  water 
vapor  have  been  performed1-5  ’ 5-15  ,l  7  and  H20 
is  recognized  to  be  a  difficult  test  gas  (ad-  and 
de-sorption  problems  on  surfaces).  The  evidence 
for  AWA  from  chese  efforts  is  summarized  in 
Table  3.  Nt  systematic  study  of  AWA  in  the  EHF 
windows  (Fig.  1)  has  bean  reported.  The  evidence 
was  not  limited  to  absorption  (e.g..  Fig.  6),  but 
also  showed  in  refract  on  (Fig.  5)  and  refractive 
dispersion.7’  2  The  results  of  Figure  6  are 
fitted  by  the  expression, 

a  =  &x  +  ctf  =  a  P2  t10  v2'°  +  b  ptl‘5  "°2  (d3/kir)» 

(27) 

where  a  a;  1.9-10"8  and  b  «  1.1  •10"**.  The  AWA 
component  identified  by  (26)  appears  clearly  and 
the  far-wing,  term  somewhat  resembles  (20).  In 
light  of  other  references,  AWA  looks  as  iollows: 


Eq.  26 
AWA 

Eq.  20  Eq.  27 
King  Th.  Exp. 

Ref.  13 
Exp. 

Ref.  21 
Exp. 

Dimer 

Model 

Aerosol 

Model 

a 

0  3.3 

>  0 

>  0 

>  0 

>  0 

X  (p) 

1  2 

2 

2 

2 

2 

y  (t) 

2.5  10 

6  +  141 

16  to  30 

|  6 

17 

2  (v) 

2.3  i  2.6 

[ 

1 

1 

For  simplicity's  sake,  we  have  reduced  the  differ¬ 
ent  exponential  temperature  functions  to  a  power 
law  ty.  This  is  not  based  upon  any  particular 
theoretical  model  but  is  meant  to  be  practical. 

The  squared  (x  =  2)  pressure  dependence  identifies 
AWA  as  a  density- induced  effect.  The  strong  t 
dependence  of  AWA  can  be  absorbed  by  making  RH  a 
variable.  For  example,  the  anomalous  consent 
a  reported  for  moist  nitrogen  at  213  GHz1 3  can 
be  approximated  by 

ax=  0.016  pRH  (dB/km)  (28) 

The  author  believes  that  a  systematic  EHF 
study  of  a  (t,  p,  p,  v)  under  cor  trolled  labora¬ 
tory  conditions  will  provide  clues  as  to  the 
number,  kinds,  and  mass  fraction  (Eq.  19)  of  H20 
clusters  in  moist  air.  Additional  variables 
such  as  air  conductivity  (ion  activity), 1,7  con¬ 
densation  nuclei  distributions,  visibility,  etc. 
might  have  to  be  considered. 


Table  3.  Laboratory  Studies  of  Absorption  in  Moist  Air 


frequency 

AHA  (Eq.  26) 

4  0*  t* 

Hater  Vapor 

Density  p 

T 

Temperature 

Path  Length 

Free  Path  Resonator  Q 

Reference 

GHz 

18-31 

22 

22.  24 

30,  60 
117-120 
170-300 

183 

180-420 

213 

210-300 

x  y 

3-5  1*2 
>0  2 
>0  1*2 
>0  1+2  12 
>1 

>0  2 

>0 

>0  2  >10 
>0  2  >10 

3 

9/nJ 

0-40 

0-50 

0-20 

0-35 

0-25 

0-20 

0.5-5 
(0.18  cm) 
0-60 

3-6 

“K 

3iS 

312 

297 

280-325 
=  295 
=  295 
243-323 
2.93,  328 
270-320 
273-333 

m  x  103 

(Q-box)  >  SCO 

45 

(30)  16 

(>100)  200 

150 

jO 

150 

20-80 

(40)  (Q-box) 

28 

1 

14 

7 

12 

36 

8 

10 

20 

13 

9 

450-960 
390,  965 

>0 

>0  1+2 

1  295 

0-35  293,323 

2 

10-60 

15 

9 

14-27T 

>0  1+2  >10 

2-20 

293-313 

.V  i 

2 

21-38T 

>0  1  =  5.5 

14 

296-388 

1185 

5 

75-86T 

>0  1+2 

14 

298 

21 

17 

Figure  5.  Deviations  from  the  refractivity^  constant 
NQ/pw  when  approaching  saturation.  ’ 


ps  (300°K) 


Water  Vapor  Pressure  p  ,  kPa 
w 


Figure  6.  Water  vapor  attenuation  measured  in  the 
laboratory  as  a  function  of  vapor  pressure.11 
x  indicates  cne  fit  to  Eq.  (27). 
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5.  RADIO  PATH  MODELING 


6.  CONCLUSIONS 


Modeling  implies  that  it  is  possible  to  pre¬ 
dict  the  mean  of  EHF  propagation  effects  and  the 
limits  of  their  variability  (e.g.,  see  examples 
in  Fig.  4)  from  more  readily  available  variables 
(p,  t,  pi.  At  this  point,  all  molecular  absorp¬ 
tion  spectra  hove  been  reduced  to  a  calculation 
scheme,  *  *'5  ’ *  ‘which  serves  as  a  tool  to 
generate  for  horizontal  paths  the  rates  a  and 
(Eq.  4,  5);  for  earth-to-space  paths,  the  cumula¬ 
tive  values  A  ( Eq .  23)  and  4>;  and  for  receiver 
sites,  the  atmospheric  noise  temperature  Tp. 

A  standard  example  for  cumulative  values  is 
the  one-way  zenith  response  through  the  U.  S.  Std. 
Atmosphere  76.  Figure  7  gives  attenuation  results 
for  three  p(h)  profiles  assuming  RH  =  5,  50,  1005s 
in  each  26  height  layers  between  h  =  0  and  8  km. 
The  comparison  in  Table  4  with  measurements  yields 
reasonably  good  agreement  considering  the  various 
assumptions  entering  the  calculation.  This  is 
mainly  due  to  the  unreasonable,  but  convenient 
assumption  that  water  vapor  is  saturated  at  all 
levels  between  h=0  and  8  km;  and  that  the  model  (8) 
has  a  scale  factor  about  three  times  the  value 
for  b  in  (20). 


Table  4.  Comparison  of  Measured  and  Predicted 
Zenith  Attenuation  (see  Figure  7) 


V 

Ref. 

Dry  Air 
Meas.  Model 
A2  A( 5%) 

Moisc  Air 

Measurement  Model 

\/t  VA2*  A(100%) 

GHz 

dB 

c3 

dB/g/m3 

dB 

dB 

15 

52 

G.055 

0.05 

0.004 

0.12 

0.11 

22.235 

25 

0.11 

0.11 

C.  048 

0.83 

0.91 

35 

18 

0.168 

0.17 

0.010 

0.32 

0.39 

36 

19 

0.16 

0.18 

0.032 

0.64 

0.41 

95 

25 

0.41 

0.30 

0.09 

1.76 

1.48 

150 

25 

0.3 

0.26 

0.30 

4.8 

3.62 

225 

33 

— 

0.45 

0.54 

8.1 

7.64 

p  -  15  ,  RH  =  100% 


The  role  that  water  vapor  (p,  RH,  w)  plays 
in  atmospheric  millimeter  wave  propagation  was 
traced  by  means  of  data  from  field,  laboratory, 
and  modeling  studies.  In  particular,  the 
transmissivity  of  the  four  EHF  window  ranges  is 
not  simply  related  to  the  amount  of  water 
vapor  in  the  radio  path.  A  continuum  spectrum 
of  water  vapor  is  mostly  responsible  for  window 
absorption  and  was  found  to  consist  of  a  normal 
(cy)  and  an  anomalous  (a  )  "AWA"  component.  The 
normal  component  has  a  p-t-p  dependence  (Eq.  20), 
which  is  well-established  as  a  low-frequency 
wing  effect  of  the  rotational  Hz0  spectrum.  The 
anomalous  component  is  little  understood.  In  a 
few  available  experimental  results,  AWA  displays 
an  unexpected  magnitude  (up  to  10  af>  and  vari¬ 
ability  with  respect  to  t  and  p,  which  can  cause 
serious  uncertainties  in  the  prediction  of  EHF 
window  transmission  through  clear  air  under  con¬ 
ditions  of  high  humidity  (RH  >  90%)  and/or  low 
temperatures  (<  280°  K). 

A  parametric  study  of  absolute  attenuation 
rates  for  moist  air  in  the  EHF  window  ranges 
remains  a  challenging  research  topic, especially 
when  laboratory  simulations  of  high  humid¬ 
ities  (RH  >  90%)  are  attempted.  The  systematic 
investigation  of  AWA  might  reveal  the  various 
stages  and  time  scales  which  H20  molecules  undergo 
close  to  saturation  until  they  become  barely 
visible  as  a  molecule  ensemble  (aerosol)  of  10e. 
Some  research  in  this  direction  nas  already  led 
to  the  formulation  of  DIMER*’1 3,2 1,2  *’  ’  and 

CLUSTER  6’  *2  hypotheses.  The  former  cannot 
explain  all  measured  anomalies  3and  the  latter 
has  not  yet  been  cast  intc  a  form  of  easy-to- 
measure  additional  variables.  We  conclude  that, 
before  AWA  can  be  elucidated  beyond  empirical 
relationships,  further  work  is  needed  to 
support  or  eliminate  conjectures  presently 
"clouding11  the  problem. 


Work  was  partially  supported  by  the  U.  S.  Army 
Research  Office  (AR0  30-79). 


Figure  7.  Tredicted  EHF  zenith  attenuation  for  dry  (RH  =  5%), moderate  (50%),  and  humid  (100%) 
conditions.  Reported  values  are  in  references2 Vi,' Vo  *’  and  Figure  4. 
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ABSTRACT 

The  effects  of  atmospheric  turbulence  on 
the  propagation  of  optical  signals  have  been 
thoroughly  analyzed  by  other  workers,  and 
good  agreement  with  experiment  has  generally 
teen  obtained.  In  the  case  of  millimeter 
microwave  radiation,  however,  less  work  has 
been  done,  and  theory  predicts  a  strong 
dependence  of  the  scintillation  amplitude  and 
angle  of  arrival  variations  on  the  humidity 
Structure  parameter  C  in  addition  to  the 
temperature  structure  parameter  C-.  This 
paper  extendi  the  work  of  several  Russian 
authors  to  the  point  of  calculating  both 
intensity  and  angle  of  arrival  fluctuations 
in  the  atmospheric  windows  at  94  and  140  GHz. 
The  calculated  results  for  intensity  are 
compared  to  experiment  for  both  frequencies, 
and  the  angle  of  arrival  calculations  for  140 
GHz  are  compared  to  the  experimental  work  of 
other  authors.  Reasonably  good  agree  ient  is 
obtained  in  both  cases. 

1.  INTRODUCTION 

Scintillation  of  electromagnetic  energy 
traversing  the  turbulent  atmosphere  is  caused 
by  refractive  index  inhomogeneities  in  the 
path  that  cause  phase  shifts,  giving  rise  to 
selective  reinforcement  or  degradation  of  the 
energy  across  the  beam.  The  resulting  energy- 
distribution  is  log  normal  [7],  characterized 
by  a  variance  o_‘  that  is  a  function  of  the 
uegree  of  atmospheric  turbulence.  These 
inhomogeneities  also  cause  angle  of  arrival 
fluctuations,  depolarization,  frequency  shift, 
and  thermal  blooming;  although  the  latter 
three  effects  are  thought  to  be  of  minor 
importance  in  the  NFWW  spectral  region. 

Most  of  the  original  work  on  atmospheric 
turbulence  was  done  in  Russia  by  Cherno-  [3] 
and  Tatarski  [7],  who  treated  mainly  optical 
fluctuations  and  neglected  the  effects  of 
absorption  on  the  fluctuation  intensity. 
This  approach  has  worked  well  for  optical 
wavelengths,  as  attested  by  the  large  number 
of  turbulence  papers  which  show  reasonable 
agreement  between  theory  and  experiment. 


Mere  recently,  several  other  Russian  workers 
have  examined  the  problem  of  millimeter  and 
submillimeter  wave  fluctuations;  which  requires 
tnat  absorption  by  atmospheric  constituents, 
mainly  water  vapor,  be  considered.  This 
approach  was  apparently  first  taken  by  Izyumov 
[5]  who  solved  the  wave  equation  using  a 
complex  index  of  refraction  to  account  for 
absorption  and  thus  obtained  expressions  for 
amplitude  and  phase  fluctuations  valid  for 
IIMMU  propagation.  This  work  was  refined  by 
Gurvich  [4]  and  by  Armand,  izyumov  and  Sokolov 
[2],  who  ootained  the  reasonably  tractable 
expressions  used  for  calculations  .in  this 
paper. 

2.  MILLiMETER  HAVE  TURBULENCE  THEORY 
2.1  Intensity  Fluctuaclois 

The  method  used  for  determining  the 
magnitudes  of  the  anpiitude  and  phase 
vaiiations  of  an  electromagnetic  wave  propaga¬ 
ting  through  the  turbulent  atmosphere  consists 
of  solving  the  scalar  wave  equation 

5  H  k  n\  =  0  ,  (1) 
under  the  conditions 


m  •  m  +  \> 

0 

where  is  the  wave  function,  k  is  the  wave 
number,  and  H  is  the  index  of  refraction.  To 
account  for  index  fluctuations,  the  form  of 
this  index  is  taker  to-be  that  of  Equation 
(2),  where  n  and  m  are  the  real  and  imaginary 
parts  of  the  refractive  index,  n  and  m  are 
the  mean  values  of  these  parts,  and  w  and  v 
are  the  fluctuating  parts. 

Equation  (1)  is  solved  by  the  method  of 
smooth  perturbations  which  is  discussed  in 
detail  in  Tatarski  [7].  The  results  of 
solving  this  equation  are  the  autocorrelation 
functions  Rx  and  R,v  of  the  fluctuations  of 


•Editor's  Note;  Author  did  not  follow  the  re¬ 
quested  procedure  for  quotation  of  references. 
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the  amplitude  and  phase  of  the  wave,  as  given* 
below: 

(«:“)■  |  a 

(3 

(lt 


;  iL 
q;L 


*,J<H  sin‘  2T 


in2  -^r1  4  *  (q)  I 


where  the  "-per  sign  gives  amplitude  fluctua¬ 
tions  and  the  lower  sign  gives  phase 
flurtuatio .s.  Pieviously  undefined  parameters 
appearing  in  these  equations  are: 

a  =  correlation  distance 

=  transmission  path  length 
q  =  wavenumber,  the  integrations 

are  carried  out  over  all 

wavenumbers 

J  =  Bessel  function  of  the  first 

kind  of  order  zero 


4!l»4JJV'4'> 


spectra  of  fluctuations 
of  real  and  imaginary 
parts  of  index  and  their 
cross  correlation. 


Armand  et  al.  [2J  state  that  these  spectra 
are  related  to  the  spectra  of  the  temperature 
and  humidity  fluctuations  by  the  relations 

*  (»f )  *  (55)  *»(,) 

\tq)  *  (It)  -'!<■>>  *  fe)  7(,)  (4) 

*  (it)  (it)  »t<«>  *  (t)  (£)  Vq>- 


where  p  is  absolute  humidity  and  T  is 
absolute  temperature. 

Values  of  u  and  v  suitable  for  use  in 
Equation  (4)  have  been  given  by  Gurvich  [4], 
who  states  that: 


(*1  T*  *2  T  *  T*  ) 


*  10 
V  *  10 


-6 


(5) 


where  previously  undefined  parameters  are 
defined  belcj. 


x,  =  73*K/eb 

r-  =  72*r/cb 

K,  *  3.7  x  103(*X)2/sb  (only  weakly  dependent  on  \) 

P  =  ataospHcric  pressure  in  e4> 

€  *  partial  pressure  of  water  vapor  in  1 1* 

x  •  wavelength  of  transmitted  radiation 

v  -  absorption  coefficient  in  neper/ka.  \  neper  »  4.34  d3 

e  ,  P  ,  T  f  stationary  valuas  of  e,  P.  T. 
ooo 


The  forms  of  the  spectral  distributions 
of  fluctuations  of  temperature  and  humidity 
$>,(q)  and  $  (q)  are  taken  from  Gurvich  [41, 
who  gives  p 


,  9  2/3  11/3 

*,q>  *  x«‘l>  Lo 


-11/6 


(6) 


The  factor  C  may  be  either  CT  or  C  which 
are  the  temperature  and  humidity  structure 
parameters,  respectively.  However,  it  will  be 
seen  that  the  integrals  corresponding  to 
Equation  (3)  for  angle  of  arrival  calculations 
do  not  converge  when  Equation  (6)  is  used. 
For  this  reason  a  Gaussian  "tail"  of  the  form 
[2] 


*'(q) 


5  (Z,2/3.  11/3  r(5/61 
35  V  Lo  rWTT 


c%-q2L»‘74 


(7) 


was  added  to  ensure  convergence.  Since 
Equation  (7)  is  also  a  legitimate  choice  for 
the  fluctuation  spectrum,  no  loss  of  rigor  is 
inherent  in  this  approach. 


Now  consider  again  Equation  (3).  The  log 
amplitude  variance  of  the  fluctuations  is 
re'ated  to  the  autocorrelation  function 
a,’_)  by  the  equation 

o  2  =  R  (O.L)  . 

x  x 

Since  J  (01  =  1,  the  Bessel  functions  in 
Equation  °(3)  vanish  and  the  log  amplitude 
variance  may  be  written  as 


where  the  I  * s  are  the  integrals 
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and  where  Equations  (3),  (4),  and  (6)  are  used. 
These  integrations  may  be  performed  numerically 
using  parameters  measured  in  field  experiments 
to  obtain  results  for  comparison.  These  com¬ 
parisons  will  be  discussed  in  a  later  section. 


It  should  be  noted  that  these  results^ara 
obtained  subject  to  the  inequality  L  «  z  ‘A  , 
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where  t  is  inner  scale  dimension  and  X  is 
wavelength.  This  criterion  may  not  be  well 
met  for  the  longer  millimeter  waves,  but  the 
results  discussed  in  Section  3  indicate  that 
this  limitation  is  not  severe. 

2.2  Annie  of  Arrival  Fluctuations 


result  of  the  differentiation  with  respect  to 
a.  These  integrals  will  be  evaluated 
numerically  and  comp.red  to  measured  results 
of  other  authors  in  the  next  section. 

3.  COMPARISON  OF  MEASURED  AND  CALCULATED 
RESULTS 


The  angle  of  arrival  of  an  electromagnetic 
wave  may  be  defined  as  the  normal  to  the 
wavefront  at  any  point.  Fluctuations  in 
angle  of  arrival  are  caused  by  refractive 
index  inhomogeneities  that  cause  phase  shifts 
resulting  in  constructive  and  destructive 
interference  across  the  wavefront  of  the 
beam,  causing  the  localized  angle  of  the 
wavefront  normal  to  change  relative  to  the 
line  of  sight  to  the  transmitter. 


Using  the  above  definition,  Strohbehn 
and  Clifford  [6]  have  derived  an  expression 
for  the  angle  of  arrival  of  an  electromagnetic 
wave  in  turbulence  based  on  the  phase 
correlation  function  (a ,L)  given  by  the 
lower  signs  of  Eauation  (3).  Consider  a 
wavefront  propagating  in  the  direction  n 
which  is  nominally  in  the  x-directior..  The 
angles  with  the  x-axis  and  with  the  x-y  plane 
are  e  and  $  respectively.  Now  consider  the 
placement  of  two  receivers  in  the  pi  me  x  = 
L.  The  angle  a  is  the  angle  which  t:.e  line 
between  these  receivers  makes  with  the  y- 
axis,  and  a  is  the  distance  between  them. 
Using  this  geometry,  Strohbehn  and  Clifford 
show  in  a  very  straightforward  way  that  the 
correlation  functions  between  these  two 
eceivers  for  angle  fluctuations  of  o  and 
i  are,  respectively 


RtU.l) 


-  —  R  "(a.L)cosJa 
k*  9 


-  —  R  "U.U^n2, 
k-’  9 


—  R  '(a.LjsifWa 
k2a  9 


—  -  R  'U.UcoS2;,  . 
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In  ti;o  fall  rf  1978,  millimeter  wave 
propagation  measurements  were  made  at  both  94 
and  140  GHz  at  White  Sands  Missile  Range,  New 
Mexico  over  a  2  km  path.  The  index  of 
refraction  structure  parameter  C  was  also 
measured,  together  with  other  pertinent 
meteorological  parameters.  Strong  intensity 
fluctuations  were  observed  at  both  frequencies 
during  these  tests.  A  typical  calibration  run 
showing  fluctuations  at  94  GHz  is  shown  in 
Figure  1. 

Unfortunately,  equipment  was  not  available 
during  these  tests  for  measurement  of  the 
absolute  humidity  structure  parameter.  C  , 
so  that  it  was  necessary  to  assume  a  vSlue 
for  this  important  quantity  before  comparisons 
between  theory  and  experiment  could  be  made. 
The  .value,  assumed  was  C  =  1.45  x  10”^ 
g/nr  which  was  c‘n8sen  to  give  good 
agreement  with  the  level  of  fluctuation 
measured  during  the  initial  series  of 
propagation  measurements  at  94  GHz.  It  will 
be  seen  that  this  choice  gives  only  fair 
agreement  for  the  other  94  6Hz  measurements 
but  good  agreement  for  the  140  GHz 
measurements.  Table  I  summarizes  the  para¬ 
meters  used  in  calculations  of  intensity  and 
angle  of  arrival  fluctuations  at  both  94  and 


where  the  primes  denote  diffrentiation  with 
respect  to  a.  The  only  a-dependent  term  in 
the  expression  for  R^(a,L)  is  the  Bessel 
function  J  (qc ) .  Using  the  rules  for 
differentiation  of  Bessel  functions  and 
assuming  a  point  receiver  which  implies  that 
a  =  0  gives 

R.iO.lj  *  j.2  •  R.io.i)  *  R  (o.i)  *  -  --  R  "(o.i)  (11) 

t>  p  Y  ^2  • 

Substituting  this  result  into  Equation  (3) 
gives 
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Using  this  result,  essentially  all  that  must 
be  done  in  evaluating  the  angle  of  arrival 
variance  is  to  perform  the  integrals  of 
Equations  (9)  with  q  replaced  by  q  ,  as  a 


Using  the  parameters  defined  abc/e,  and 
the  approach  discussed  in  the  ’ast  section, 
peak-tc-peak  intensity  fluctuations  as  a 
function  of  Cy  were  calculated  for  both  94 
and  140  GHz.  These  results  are  shown  in 
Figures  2  and  3  respect9 vely  in  which  the 
circles  represent  measured  data  and  the  solid 
curve  shows  calculated  results.  Similarly, 
angle  of  arrival  fluctuations  were  calculated, 
and  the  results  are  shown  in  Figure  4.  Since 
these  fluctuations  were  not  measured,  the 
calculations  fo'-  140  GHz  are  compared  to  the 
results  of  Andreyev  et  al.  [ll,  who  measured 
150  GHz  fluctuations  over  a  5  km  path,  and 
obtained  peak-to-peak  levels  of  0.49  mrad. 
This  value  compares  favorably  with  the  range 
of  0.34  to  0.53  mrad  shown  ir.  Figure  4. 
Unfortunately,  the  conditions  under  which 
these  measurements  were  made  are  not 
specified;  Furthermore,  no  94  GHz  data  are 
available,  although  Figure  4  shows  that  the 
frequency  dependence  is  not  strong. 
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Values  of  ?arirx>ters  Used  is  Calcola;:o-.s 


3.13,  2. '.4  m 

0.092  seper/Va  (94  CHa) 
0.3-W  sepur/va  (140  Six} 


i  .45  x  10"4  e/a3  .  3""l/3 


4.  CONCLUSIONS 

To  briefly  review  the  approach,  the 
scalar  wave  equation  was  solved  under  the 
conditions  in  which  both  reai  and  inaginary 
parts  of  the  index  of  refraction  are 
fluctuating.  ’Atmospheric  parameters  racasured 
during  the  White  Sands  propagation  tests  were 
then  substituted  into  the  sc'utions  to  these 
equations  to  obtain  calculated  results  for 
both  intensity  and  angle  of  arrival  fluctua¬ 
tions.  Finally,  the  calculated  fluctuation 
intensity  results  were  compared  to  the 
measured  results,  and  the  calculated  angle  of 
arrival  errors  were  compared  to  those  measured 
by  Andreyev,  et  al.  [1].  Based  on  these 
comparisons,  it  is  concluded  that  millimeter 
and  submillimeter  wave  turbulence  theory  is 
substantially  correct,  and  is  able  to  give 
useful  anwsers  for  systems  calculations.  At 
the  same  time,  it  is  conceded  that  the  data 
base  for  these  comparisons  is  small,  and 
results  should  be  used  With  caution  until  a 
broader  base  is  obtained,  intensity  'luctua- 
tiors  are  not  considered  likely  t^  great ly 
affect  millimeter  wave  systems  except  at  the 
extreme  limits  of  performance,  but  angle  of 
arrival  variations  are  of  the  same  order  of 
size  as  the  required  angul :r  accuracy  of  many 
systems,  ana  are  therefore  expected  to  be  of 
some  significance. 
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Figure  1.  Fluctuations  Measured  During  a  Typical  Calibration  Run.  Note  the  Absence  of 
Fluctuations  with  the  Transmitter  Blocked. 


94  GHz.  Values  of  Parameters  Used  for  Calculation 
Are  as  Follows:  Lg=1.5m,  T=288.8k,  p=8.5g/m3,  and 

C  =1.45xl0"4m‘1/,3g/m3.  Measured  Results  Are  Shown 

p 

as  Circles. 
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PEAK -  TO  -  PEAK  FLUCTUATION  IN  mrad. 


Figure  2.  Measured  Results  are  Shown  as  Circles. 


2 

Figure  4.  Calculated  Angle  of  Arrival  Fluctuations  vs.  .  The  Conditions  are 
the  same  as  those  used  for  Figures  2  and  3. 
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ABSTRACT 

Mean  signal  levels  well  below  those  pre¬ 
dicted  by  standard  techniques  on  low  elevation 
earth-space  microwave  links  have  been  observed 
and  reported  previously.  Additionally,  ampli¬ 
tude  fluctuations  under  clear  air  conditions 
accompany  these  reduced  signal  levels  and 
increase  significantly  as  elevation  angle  de¬ 
creases.  It  is  shown  that  a  simple  physical 
model  is  adequate  for  the  prediction  of  the 
long  term  statistics  of  both  reduced  signal 
levels  and  increased  peak-to-peak  fluctuations. 

It  is  hypothesized  that  a  plane  wave 
propagating  through  the  troposphere  is  perturbed 
by  the  two  coupled  statistical  processes  of  angle 
of  arrival  and  amplitude  fluctuation.  This  per¬ 
turbed  plane  wavo  is  then  received  by  a  finite 
aperture  antenna  having  a  Gaussian  power  pattern. 
The  average  realized  gain  is  then  calculated 
accounting  for  the  angle  of  arrival  fluctua¬ 
tions.  The  resulting  average  gain  degradation, 
when  combined  with  the  usual  atmospheric  gas 
absorption,  adequately  predicts  the  reduced 
long  term  signal  levels  observed  at  low  eleva¬ 
tion  angles  on  earth-space  pachs  at  2,  7.3, 
and  30  GHz.  The  expected  value  of  the  variance 
of  the  received  signal  amplitude  fluctuations 
is  calculated  by  combining  the  amplitude  and 
angle  of  arrival  statistics  of  the  incident 
wave  with  the  receiver  characteristics.  This 
model  predicts  the  average  variance  of  signals 
observed  under  clear  air  conditions  at  low 
elevation  angles  on  earth-space  paths  at  2, 

7.3,  20,  and  30  GHz. 

Design  curves  based  on  this  model  for  gain 
degradation,  realizable  gain,  and  amplitude 
fluctuation  as  a  function  of  antenna  aperture 
size,  frequency,  and  either  terrestrial  path 
length  or  earth -space  path  elevation  angle  are 
presented . 

1.  INTRODUCTION 

Millimeter  waves  propagating  through  the 
turbulent  troposphere  are  subject  to  :efractive 
effects  caused  by  macroscopic  and  fine  scale 
characteristics.  Macroscopic  characteristics 
of  the  atmosphere  are  thought  of  on  time  scales 
on  the  order  of  minutes  and  longer  and  on  spatial 
scales  of  several  kilometers  and  larger. 


They  result  in  phenomena  such  as: 

o  Average  apparent  angle  of  arrival 
changes 

o  Ducting  and  atmospheric  multipath 
fading 

o  Diurnal  and  seasonal  propagation 
variation 

o  Changes  in  average  propagation  velocity 

Fine  scale  characteristics  of  the  atmo¬ 
sphere  are  considered  to  be  on  time  scales 
shorter  than  a  minute  and  on  spatial  scales 
shorter  than  a  kilometer.  They  result  in 
phenomena  such  as: 

o  Amplitude  fluctuations  (scintillation 
fading) 

o  Angle  of  arrival  fluctuations  (local 
fluctuation  in  wavefront  normal) 

o  Phase  fluctuations 

o  Phase  delay  variations 

o  Gain  degradation 

The  effect  of  fine  scale  characteristics 
on  a  communications  link  from  the  standpoint 
of  received  signal  amplitude  fluctuation  and 
gain  degradation  has  been  modelled  and  is 
available  for  link  design  purposes. 

2.  AMPLITUDE  FLUCTUATION 

The  phenomena  of  amplitude  and  angle-of- 
arrival  fluctuations  combine  to  form  received 
signal  amplitude  fluctuations.  The  theory  of 
wave  propagation  and  scattering  in  random 
media  allows  a  combination  of  the  turbulence- 
induced  effects  to  be  performed  in  the  context 
of  weak  fluctuation  along  a  line-of -sight  path. 
The  work  of  Akira  Ishimaru  (1978),  which  de¬ 
fines  coherent  and  incoherent  field  components 
as  a  plane  wave  propagates  through  a  random 
medium,  provides  a  method  of  combining  ampli¬ 
tude  and  angle  o':  arrival  effects  into  a  model 
of  received  signal  amplitude  fluctuation. 
Energy  is  transferred  from  a  coherent  compo¬ 
nent,  which  fluctuates  in  amplitude  and  is  de¬ 
terministic  in  angle  of  arrival,  into  an 
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incoherent  component,  which  is  deterministic  in 
amplitude  and  fluctuate?  in  angle  of  arrival.  A 
model  utilizing  this  concept  of  incident  plane 
wave  decomposition  (Figure  1)  has  been  proposed 
by  Theobold  and  Hodge  (1978). 


es  the  satellite  underwent  synchronous  orbit 
transition  were  used  to  derive  empirical  con¬ 
stants  for  this  model  with  an  effective  turbu¬ 
lence  height,  h,  of  6  km  end  path  length 

nV, 
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Figure  1.  Decomposition  into  coherent 
and  incoherent  components. 


The  assumption  of  wgak  turbulence,  ’’.e., 
log-amplitude  variance  C  x<0.5,  is  invoked  for 
a  plane  wave  incident  on  a  region  of  turbulence, 
propagating  a  distance  L  (km)  and  impinging  on  a 
circular  aperture  of  diameter  d  (meters).  The 
antenna  is  assumed  to  have  a  Gaussian  pattern 
function  with  half-power  beamwidth  B  (degrees). 
If  V  is  received  signal  amplitude,  an  expression 
for  signal  variance  relative  to  average  power  is 


S  =  10  log 


10 


fr2) 
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3  =  10  l0g1Q 


;d2  +  8  ln(2)d  2+B  -  I.| 
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where 


+  IAS 


ln(2)  0  2  +  B 


Ij  =  1  -  exp  (-L/Lo) 

Tc  “  (1  -  V  /  (1  +C\> 

2  *  amplitude  variance 


02  =  angle-of-arrival  variance  (deg  ) 


assumed.  The  constants  are 

L  =  180  km 
o 

q2  =  2.6  x  10'7  f(GHz)?/12  L(km)11/6 

2  =  5.67  x  10“6  L(kra)1-56  d(m)"1/3. 

2 

A  plot  of  the  variance  measure  S  ,  ex¬ 
pressed  m  dB,  is  shown  in  Figure  2  for  four 
representative  frequencies  for  a  4.6  n  dia¬ 
meter  aperture.  S  is  plotted  as  a  function 

LGUIV.  PATH  IKMI 


Figure  2.  Amplitude  Variance  for  a  4.6  m 
Diameter  Aperture. 

of  elevation  angle  and  equivalent  path  length 

for  a  6  km  high  region  of  qurbuler.ee.  Figure 

2  represents  the  average  S  as  derived  from 

the  O.S.U.  empirical  constants.  However, 

since  both(j2,  andy2  may  be  represented  in 

closed  form  is  a  fun2qion  of  the  atmospheric 

structure  constant  Cn  ,  jnstantaneous ,  diurnai, 

or  seasonal  values  for  may  be  found  from 

this  model  given  an  estimate  of  the  appropriate 

C  . 
n 


L  =  path  length 

L  =  a  function  of  density  and  cross-section 
of  scattering  along  the  path. 

Measurements  at  the  Ohio  State  University 
(O.S.U.)  of  the  ATS-6  2,  20,  and  30  GHz  beacons 


The  empirical  constants  which  were  found 
from  observed  data  are  applicable  for  the  pre¬ 
diction  of  average  turbulence-induced  propaga¬ 
tion  effects  in  a  temperate  climate,  during  the 
warmer  seasons  of  the  year,  and  under  non¬ 
precipitating  clear -air 'conditions  ■ 


136 


3.  RECEIVED  SIGNAL  GAIN  DEGRADATION 

Wavefront  tilt  or  angle  of  arrival  variation 
results  in  time-averaged  gain  degradation;  and 
phase  incoherence  across  an  aperture  results  in 
instantaneous  gain  loss,  excluding  the  atmos¬ 
pheric  gas  loss. 

The  model  of  Section  2  for  received  signal 
amplitude  variance  has  also  been  used  to  derive 
an  expression  for  gain  reduction,  R,  defined  by 

R  =  10  log 

<f\ 

|no  angle  fluctuation 

R  -  10  log10  '=  "  (a  !•»>«{  ♦ 

1  +"T 

c  1 


into  distribution  functions  which  are  of  the 
form  used  in  link  design.  They  represent  the 
long  term  average  fade  statistics  due  to  clear 
air  amplitude  and  angle  of  arrival  fluctua¬ 
tions  . 


For  a  log-normal  distribution  of  turbu¬ 
lence  induced  amplitude  fading,  the  long  term 
median  is  R  (dB)  and  one  standard  deviation, 
Cf  (dB) ,  from  the  median  mcy  be  easily  shown 

"  be<Jv WB)  -  _ _ -S2/2° 


20  log^e  x  10 


The  effects  of  amplitude  and  angle- of- 
arrival  fluctuation  are,  of  course,  most 
prominent  for  very  long  path  lengths  and/or 
very  narrow  beamwidths.  One  may  estimate 
whether  or  not  gain  degradation  need  be  con¬ 
sidered  in  a  path  design  if  elevation  angle 
(or  equivalent  path  length)  and  antenna  beam- 
width  are  known.  Figure  4  presents  regimes 
where  gain  degradation  must  be  considered. 


where  the  constants  are  the  sage  as  those  defined 
for  the  variance  expression,  S  .  This  value  for 
R  may  then  be  combined  with  atmospheric  gas  loss 
in  order  to  obtain  an  estimate  of  average  received 
signal  level  for  an  earth-space  path.  Figure  3 
presents  an  example  of  predicted  signal  levels 
for  2,  7.3,  and  30  GHz  for  antenna  beamwidths 
of  1.8  ,  0.3°,  and  0.15°,  respectively.  Also 

EOUlV.MIHikUl 


Figure  3.  Predicted  and  Measured  Signal  L_vel 
as  a  Function  of  Elevation  Angle. 

included  are  measured  signal  levels,  relative  to 
zenith,  frora  the  ATS-6  and  30  GHz  and  TACSATC0K 
7.3  GHz  beacons  as  the  satellites  were  moving 
in  elevation  angle. 

4  DESIGN  INFORMATION 

The  estimates  of  gain  reduction  and  signal 
variance  parameters,  R  and  S  ,  have  been’ pre¬ 
sentee.  These  quantities  may  be  incorporated 


COUIV.  PATH  LCKCTH  (KM) 


Figure  4.  Gain  Degradation  Regimes  as  a 
Function  of  Beamwidth  and  Ele¬ 
vation  Angle. 

Realized  gain,  that  is,  expected  gain 
less  gain  degradation,  is  plotted  as  a  func¬ 
tion  of  antenna  beamwidth  (for  any  frequency) 
or  equivalent  aperture  diameter  at  30  GHz  in 
Figure  5.  All  equivalent  uperture  diameters 
are  presented  for  an  antenna  aperture  effi¬ 
ciency  of  0.6.  The  curve  representing  zero 
path  length  L  is  simply 2 the  conroon  gain  ap¬ 
proximation  G  =  41253/B  ,  where  B  is  in  de¬ 
grees.  Realized  gain  curves  for  path  lengths 
of  50  to  300  km  are  plotted  using  the  previous 
model.  Equivalent  earth-space  path  elevation 
angles  assuming  a  6  km  high  homogeneous  atmo¬ 
sphere  are  presented  in  parentheses.  Notice 
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that  gain  degradation  due  to  turbulence-induced 


eC&UmOTH  (DEC) 


Figure  5.  Realized  Cain. 

fluctuation  is  negligible  for  beamwidths  wider 
.  than  about  0.7  for  all  path  lengths.  Degrada¬ 

tion  effects  then  gradually  increase  as  beamwidth 
narrows  from  0.7  to  0.05  and  at  any  particular 
beamwidth  are  approximately  directly  proportional 
in  dB,  to  pgth  length.  As  beamwidth  narrows 
beyond  0.05  ,  a  saturation  effect  occurs  and  the 
degradation  becomes  constant  for  any  one  path 
length . 
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EXPERIMENTAL  SUBMILLIMETSR  LASER  SYSTEM  AND  ITS  APPLICATION  TO 
ABSORPTION  MEASUREMENTS  IN  BATTLEFIELD  GASES  AND  WATER  VAPOR 

Brent  L.  Bean*  and  Kenneth  0.  White 
Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range,  New  Mexico 


ABSTRACT 

A  submillimeter  laser  spectrometer  has 
been  constructed  for  use  in  measuring  the 
absorption  of  various  atmospheric  gases.  A 
description  is  given  of  the  basic  laser  design, 
its  operation,  overall  stability,  and  the 
frequencies  available  in  the  5  cm-’  to  100  cm“^ 
region.  The  use  of  the  laser  source  with 
various  spectrophones  is  discussed  and  evalu¬ 
ated.  In  particular,  these  discussions 
address  applying  this  system  to  absorption 
measurements  of  water  vapor  for  the  dete.tnina- 
tion  of  temperature  and  pressure  dependencies, 
line  shape  information,  and  dimer/cluster 
contributions,  as  well  as  the  absorption  of 
battlefield  gases  including  explosion  products 
such  as  formaldehyde  and  hydrogen  cyanide. 
Theoretical  predictions  of  the  absorption  of 
typical  battlefield  gases  are  presented. 


1.  INTRODUCTION 

The  atmospheric  window  in  the  submilli¬ 
meter  region  of  the  spectrum  has  stimulated  an 
interest  in  tne  exact  nature  of  the  absorption 
there.  Several  explanations  have  been  proposed 
to  account  for  the  difference  between  the 
theoretical  and  experimental  values  for  the 
continuum  absorption  of  water  vapor  in  that 
region,  including  dimers,  water  clusters,  and 
far  wing  line  shapes  (Burch,  1968;  Gebbie  et 
al.,  1971).  The  experiment  described  here  has 
been  designed  to  provide  useful  information  in 
order  to  determine  the  exact  nature  of  the 
water  vapor  absorotion  and  also  to  investigate 
the  absorption  of  other  gases  that  are 
generated  in  a  battlefield  environment. 


2.  LASER  SYSTEM 
2 . 1  CC>2  Laser 

The  basic  experimental  apparatus  is  shown 
in  the  diagram  in  Fig.  1.  The  C02  laser  output 
is  used  to  optically  pump  the  SUB  MM  laser 
media.  The  SUB  MM  output  is  directed  to  a 
detector  and  a  spectrophone.  The  signals  iiuii 
those  two  devices  are  fed  into  the  data 
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FIGURE  1.  Block  diagram  of  the  experimental 
apparatus. 


collection  apparatus.  The  C02  laser  is  a 
commercial  device  that  produces  25-40  Watts  on 
most  of  the  pertinent  output  lines.  It  is 
equipped  with  a  piezoelectric  drive  on  one 
mirror  in  order  to  fine  tune  the  C02  emission. 
If  a  detector  is  placed  between  the  chopper 
and  SUB  MM  laser,  the  signal  can  be  used  as 
part  of  a  feedback  loop  to  stabilize  and 
maximize  the  C02  output.  However,  the  SUB  MM 
output  can  often  be  improved  by  tuning  the  C02 
laser  away  from  the  emission  line  center  in 
order  to  maximize  the  absorption  in  the  SUB  MM 
laser  medium.  If  the  signal  from  the  detector 
monitoring  the  SUB  MM  output  is  directed  into 
the  feedback  system,  then  the  C02  laser  is 
maintained  for  optimum  SUB  MM  lasing. 

2.2  SUB  MM  Laser 

A  drawing  representing  the  SUB  MM  laser  is 
shown  in  Fig.  2.  It  consists  of  a  vacuum 
chamber  with  a  NaCl  input  window  set  at 
Brewster's  angle  and  a  crystal  quartz  output 
window.  The  cavity  consists  of  a  cylindrical 
metallic  or  dielectric  waveguide  with  a  gold 
coated  coppsr  mirror  au  the  input  end  and  a 
coated  Si  mirror  for  the  output  coupler.  The 
input  mirror  has  a  3-4  mm  diameter  hole  to  pass 
the  C02  pump  b<-  im  and  the  Si  substrate  is 
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FIGURE  2.  Diagram  of  the  SUB  Mi!  laser  and  the 
Fabry-Perot  interferometer  (F-P) . 


coated  with  a  gold  annular  ring  with  a  6-8  mm 
diameter  hoie  to  pass  the  SUB  MM  output.  The 
hole  is  covered  by  a  dielectric  coating  which 
is  greater  than  98%  reflective  for  the  CO2 
radiation.  Thus  the  output  coupler  is  highly 
reflective  for  the  pump  radiation  but  only 
partially  reflective  for  the  SUB  nM  over  its 
central  portion.  The  CO2  beam  is  focussed  by 
a  long  focal  length  lens  which  enables  the 
radiation  to  .aake  two  or  more  passes  before 
it  strikes  \:he  walls  of  the  waveguide;  a 
feature  which  is  important  for  efficient 
pumping.  The  output  mirror  is  mounted  on  a 
translation  stage  in  order  to  tune  the  laser 
to  resonance  for  the  desired  frequency,  (Hodges 
et  al.,  3977).  The  Fabry-Perot  interferometer 
at  the  output  end  is  constructed  to  accept 
various  sets  of  metal  mesh  reflector-  for 
optimum  operation  over  the  SUB  MM  range  (Fenk 
and  Genzel,  1962).  It  is  used  to  measure  the 
wavelength  of  the  laser  emission  and  to  act  as 
a  filter  when  two  or  more  frequencies  are 
emitted  simultaneously. 

Figure  3  shows  the  water  vapor  absorption 
curve  with  vertical  bars  along  the  abscissa 
indicating  the  location  of  reported  SUB  MM 


laser  lines  with  the  length  being  proportional 
to  the  output  power.  The  maximum  power  for 
the  strong  2  aset  lines  is  hi '  order  of 
several  mWatts.  These  laser  i  as  are  among 
the  strongest  listed  for  metha..oi,  methyl 
chloride,  methyl  iodide,  formic  acid,  methyl 
bromide,  l,ldifluoroethylene,  and  mothanol-d 
CH3OD.  This  figure  illustrates  tint  there  is 
good  spectral  coverage  with  these  few  laser 
media  especially  in  the  low  frequency  region. 


3.  SPECTROPHONE 

Using  a  spectrophone  as  the  device  to 
measure  the  absorption  offers  some  distinct 
advantages  over  the  use  of  a  long,  bulky 
transmission  cell  (Kreuzer,  197'.).  The 
relatively  small  size  of  the  spectrophone  makes 
it  much  easier  to  change  the  parameters  for 
temperature  and  pressure  measurements.  Another 
advantage  is  that  the  signal  whicl  obtained 
from  the  spectrophone  i.-;  proportional  to  the 
absorption  coefficient  even  for  weak  or  strong 
absorptions,  in  which  cases  measurements  are 
very  difficult  using  transmission  cells. 

Figure  4  illustrates  the  general  features 
of  a  spectrophone  (Bruce,  1976) .  A  collimated 
beam  enters  through  the  Brewster’s  angle 
window  and  propagates  along  the  axis  cf  the 
spectrophone.  The  acoustic  traps  near  the  ends 
are  to  help  eliminate  noise  originating  at  the 
windows.  The  entire  volume  is  filled,  with  the 
sample  gas  which,  when  it  absorbs  the  radiation, 
decays  by  non-radiative  processes  causing  an 
increase  in  temperature  and,  consequently 
pxessure.  The  pressure  increase  is  sensed  by 
the  microphone  which  produces  a  signal  propor¬ 
tional  to  the  absorption  coefficient.  The 
spectrophone  can  be  calibrated  to  y;eld  abso¬ 
lute  values  by  using  a  gas  with  known  absorp¬ 
tion  coefficients.  These  devices  may  be  con¬ 
structed  with  enough  sensitivity  to  measure  an 
absorption  coefficient  of  10“^  km  per  watt 
of  input  radiation. 
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FIGURE  4.  Diagram  of  a  spectrophone.  This 

design  uses  a  cylindrical  microphone  to 
sense  the  pressure  change. 


FIGURE  3.  Water  vapor  absorption  curve.  The  X 
marks  on  the  curve  indicate  the  position 
of  the  SUB  MM  laser  lines  shown  by  the 
vertical  lines. 
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Figure  5  is  a  diagram  of  another  type  of 
spectrophone  (Schleuser.er  et  al. ,  1975'.  Two 
identical  chambers  are  sandwiched  between  the 


three  windows.  If  an  absorbing  sample  is 
placed  in  one  chamber  a  differential  pressure 
will  be  detected.  This  type  works  well  for 
absorption  measurements  of  particulates  since 
identical  pellets  can  be  made  with  only  one 
containing  the  sample.  The  pellets  are  con¬ 
structed  from  relatively  highly  transparent 
material  with  the  sample  deposited  on  or 
imbedded  into  one  of  them.  When  these  pellets 
are  put  into  the  two  chambers,  only  the  absorb- 
tion  due  to  the  particulates  contributes  to  the 
signal  since  all  other  effects  are  common  to 
both  sides.  The  spectrophone  has  the  desirable 
feature  of  measuring  only  the  absorption  of 
particulates  since  the  scattering  does  not 
contribute  to  the  signal. 
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3.  SAMPLE  PELLET  5.  PRESSURE  SENSOR  PORT 


purposes.  A  typical  barage  of  explosives  could 
be  expected  to  yield  9  ppm  of  CO,  3.7  ppm  of 
CH3OH,  3.3  ppm  of  HCN.  and  .4  ppm  of  CH20  con¬ 
tained  in  a  1  km  by  1  km  by  60  m  volume  (Leslie 
1979)  . 


TABLE  I.  List  of  gases  generated  under 
various  battlefield  conditions.  The 
explosives  are  those  commonly  used  by  U.s. 
and  foreign  military  forces  when  large 
quanities  are  needed. 

origin 

GASES  PRODUCED 

Explosives  (TNT, 

RDX,  Amatol,  ar.d 
Composition  B) 

Carbon  monoxide  -CO 
Methanol  -CH3OH 

Hydrogen  cyanide-HCN 
Formaldehyde  -CH20 

Burning  Foliage 

Carbon  monoxide  -CO 
Methanol  -CH3CH 

Vehicle  Exhaust , 
Artillery  Propellants 
Buring  Fuel,  etc. 

Carbon  monoxide  -CO 
Hydrogen  cyanide-HCN 
Butadiene  -C4K6 

Shock  Heated  Air 

Ozone  -O3 

Nitrogen  oxides  -NOx 

Even  though  there  is  uncertainty  concern¬ 
ing  the  exact  amounts  of  the  above  gases  that 
are  produced  in  a  typical  battlefield  environ¬ 
ment,  it  appears  that  the  absorption  values 
are  high  enough  to  warrant  further  studies. 


FIGURE  5,  Diagram  of  a  spectrophone  which 

utilizes  a  differential  pressure  device 
to  measure  the  signal 


4.  BATTLEFIELD  GAS 

In  addition  to  water  vapor  and  particu¬ 
lates  in  a  battlefield  situation,  there  are 
also  gases  that  are  generated  due  to  explo¬ 
sives,  burning  vegetation,  and  other  causes 
that  may  affect  SUB  MM  propagation  (Cook,  1958 
and  Leslie,  1979).  Table  1  gives  a  partial 
list  of  gases  produced  under  various  battle¬ 
field  conditions  that  may  have  significant 
effects  on  the  SUB  MM  region  either  because  of 
high  concentrations  or  strong  absorptions. 

All  of  these  explosives  are  made  from  carbon, 
oxygen,  nitrogen,  hydrogen  molecules  so  the 
resulting  gases  are  also  composed  of  those 
four  elements. 

It  is  difficult  ot  determine  the  value  of 
the  absorption  coefficient  for  the  gases 
because  the  amounts  produced  are  not  well 
known.  Table  II  shows  some  peak  absorption 
coefficients  in  km- -/ppm.  These  must  be 
multiplied  by  parts  per  million  to  yield  a 
useful  absorption  coefficient  for  calculation 


TABLE  II.  List  of  peak 
for  several  lines  in 

absorption  coefficients 
the  SUB  MM  region. 

Y(cm"V 

CO 

a  (km~  Vppm) 

CH3OH 

Y  (cm-1)  a  (km"  Vppm) 

7.69 

3.1  X  10-4 

4.84 

.04 

15.38 

2.1  X  10" 3 

5.60 

.01 

23.06 

6.1  X  10"3 

5.67 

.02 

30.75 

1.1  X  10"2 

6.10 

.10 

34.59 

1.3  X  10"2 

6.62 

.10 

CHjO 

HCN 

Y(cm-1) 

a  (km~  Vppm) 

Y(cm"V 

a (km"1/Dpm) 

4.70 

.03 

5.91 

.076 

5.02 

.04 

11.83 

.61 

7.29 

.46 

17.74 

2.1 

9.39 

.68 

23.65 

4.9 

9.72 

1.60 

32.52 

12.7 
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MEASUREMENTS,  MODELING,  AND  SYSTEMS  APPLICATIONS 


Dr.  Kenneth  P.  Bechis 
The  Analytic  Sciences  Corporation 
Reading,  Massachusetts 


ABSTRACT 

The  overall  effectiveness  of  millimeter- 
wave  radiometry  in  passive  missile  guidance 
and  target  detection  systems  is  influenced 
principally  by  atmospheric  effects  on  signal 
propagation  and  on  the  contrast  brightness 
temperatures  between  targets  and  their  sur¬ 
roundings.  The  attenuating  effects  of  clouds, 
rain  and  other  aerosols,  along  with  atmospher¬ 
ic  molecular  resonant  absorption  lines,  must 
be  considered  in  predicting  the  effectiveness 
of  both  up-  or  down- looking  mm-wave  radiometric 
systems.  This  paper  presents  measurements  of 
various  sky  brightness  temperatures  and  atten¬ 
uations  through  clear  sky,  various  cloud 
covers,  and  precipitation  (made  with  the  Uni¬ 
versity  of  Massachusetts  13.7-m  mm-wave  radio 
telescope).  This  paper  also  describes  a  very 
flexible  mathematical  model  and  FORTRAN  pro¬ 
gram  (at  The  Analytic  Sciences  Corporation 
(TASC))  capable  of  predicting  tt  •  performance 
of  a  passive  up-  or  down-looking  radiometer  at 
any  altitude,  zenith  or  nadir  angle,  in  any 
weather  environment,  and  for  any  postulated 
target. 

Possible  system  applications  include  air¬ 
borne  all-weather  seekers  for  passive  detec¬ 
tion  of  ground  targets;  long-range  passive 
ground  or  ship-board  detection  of  approaching 
low-altitude  aircraft  oi  missiles;  or,  high- 
altitude  all-weather  wid-  f ield-of-view  pas¬ 
sive  detection  of  lower-altitude  aircraft  or 
missiles.  Specific  examples  will  be  present¬ 
ed. 

1 .  INTRODUCTION 

The  first  part  of  this  piper  describes 
various  atmospheric  attenuation  measurements 
and  techniques  at  the  University  of  Massachu¬ 
setts  (Amherst)  Radio  Astronomy  Observatory. 
Computer  codes  developed  for  these  measure¬ 
ments  are  also  described.  The  second  part  of 
the  paper  depicts  how  these  computer  codes,  as 
well  as  additional  corroborating  measurements 
made  at  the  University  of  Massachusetts,  have 
been  incorporated  at  TASC  into  much  larger 
system-modeling  codes  for  various  passive 
millimeter-wave  seeker  guidance  systems. 

It  is  hoped  that  the  users  of  milli¬ 
meter-wave  atmospheric  attenuation  computer 


models  realize  that,  no  matter  how  complex  the 
coding  is.  no  matter  how  many  naturally-occur¬ 
ring  atmospheric  molecular  resonance  lines  are 
included  (even  all  6000  or  so  lines  be¬ 
tween  1.35  cm  and  3  pm),  these  models  will 
never  predict  exactly  the  propagat-on  condi¬ 
tions  on  any  particular  day.  The  clear-sky 
programs  model  an  ideal,  static,  homogeneous 
(in  azimuth  for  a  set  elevation  angle)  atmos¬ 
phere.  Systems  planners  should  realize  that 
at  a  certain  frequency,  the  exact  attentuation 
along  one  line-cf-sight  may  be  up  to  30%  dif¬ 
ferent  from  that  along  another  line  of  sight, 
at  a  different  azimuth  but  the  same  elevation 
angle,  even  in  clear  sky  and  at  times  when  the 
human  eye  and/or  a  visible-light  transmisso- 
meter  would  detect  no  difference  between  the 
two  paths.  The  atmosphere  is  locally  inhomo¬ 
geneous,  and  there  may  be,  for  example,  "in¬ 
visible  clouds”  --  volumes  oi  air  where  the 
water-vapor  content  is  locally  enhanced,  but 
not  so  much  as  to  produce  a  visibly-opaque 
cloud. 

A  final  prefatory  note,  regarding  the 
so-called  "anomalous  absorption"  reported  by 
some  observers  at  ~110  GHz  in  excess  of  theo¬ 
retical  attenuation  predictions.  This  phenom¬ 
enon,  reported  to  be  prominent  during  cold 
weather  or  high  humidity,  and  often  varying 
significantly  on  a  day-to-day  basis,  has  been 
attributed  to  an  as  yet  unknown  effect  of 
water  vapor,  water  dimers,  cr  some  other 
molecules.  It  should  be  noted  that  no  one  in 
the  radio  astronomy  community  has  ever  com¬ 
mented  on,  let  alone  measured,  anomalous  ab¬ 
sorption.  However,  millimeter-wavelength 
radio  astronomers  are  acutely  aware  of  the 
inhomogeneities  of  the  atmosphere,  particu¬ 
larly  in  terms  of  upper  air  flow  (laminar  or 
turbulent)  and  pockets  of  water  vapor,  as  well 

as  the  low-frequency  (~10  Hz)  atmospheric 
waves  in  the  vicinity  of  the  trapopause  (in 
part  a  creation  of  the  global  atmospheric  heat 
circulation  from  the  equator  toward  the  poles). 
Unintentional  placement  of  the  118-GHz  0^ 

absorption  line  in  the  image  sideband  of  a 
mixer  receiver  having  110  GHz  in  the  signal 
sideband  may  result  in  higher  than  expected 
sky  brightness  temperatures  (and  therefore 
attenuations)...  this  may  be  misinterpreted  as 
"anomalous  absorption".  In  addition,  the 


common  visual  problem  of  atmospheric  seeing  — 
as  man-i fested  in  the  twinkling  of  stars,  espe¬ 
cially  on  cold,  clear  winter  nights,  has  an 
analogous  effect  at  millimeter  wavelengths  as 
well  as  a  common  cause  —  again,  turbulence 
and  non-laminar  airflow.  One  final  point  is 
that  all  millimeter-wave  radio  telescopes  use 
very-high-gain  antennas.  Many  antennas  used 
solely  for  atmospheric  attenuation  measure¬ 
ments  have  undetermined  and  possibly  poor  main- 
beam-efficiencies,  particularly  at  high  fre¬ 
quencies.  The  additional  effect  of  ground 
radiation  entering  undesirably  large  sidelobes 
or  backlobts  could  be  misinterpreted  as  anom¬ 
alously  higher  atmospheric  abosrption. 

2.  THE  UNIVERSITY  OF  MASSACHUSETTS  RADIO 

TELESCOPE 

The  University  of  Massachusetts  45-foot 
(13.7-m)  millimeter-wave  radio  telescope  is 
located  on  a  peninsula  extending  into  the 
million-square-acre  Quabbin  Reservoir,  which 
is  itself  in  a  remote,  weeded,  restricted  area 
of  Western  Massachusetts.  The  mm- wave  antenna 
is  enclosed  in  a  60-foot  diameter  radome  made 
of  E3SC0LAH,  and  having  a  transmission-loss 
One-way)  of  about  1  db.  The  internal  radome 
temperature  is  maintained  at  about  278°K  or 
the  outside  ambient  air  temperature,  whichever 
is  higher. 

The  millimeter-wave  antenna  has  Cassegrain 
optics,  and  an  azimuth/elevation  mounting. 

All  pointing,  as  well  as  data  acquisition, 
reduction,  and  radome  environment  control,  is 
interfaced  through  a  MODCOMP  IV  computer. 

The  main  reflecting  surface  consists 
of  72  separate  panels,  each  of  which  was  mold¬ 
ed  to  high  tolerances,  and  mounted  and  adjust¬ 
ed  separately,  using  panel-mounted  targets  and 
a  high-accuracy  theodolite.  The  rms  surface 
accuracy  is  110  pm,  allowing  operating  fre¬ 
quencies  up  to  300  GHz  (though  the  present 
radome  material  is  not  optimized  for  trans¬ 
mission  at  that  frequency).  At  115  GHz,  the 
aperture  efficiency  is  about  50%,  the  beam 
efficiency  is  about  80%,  and  the  half-power 

_2 

beanwidth  is  about  44"  (8  X  10  mrad). 

3.  OPACITIES  AND  SKY  BRIGHTNESS  TEMPERATURE 

MEASUREMENTS 

In  general,  the  physical  processes  re¬ 
sponsible  for  atmospheric  attenuation  in  the 
millimeter-wave  region  are  fairly  well  under¬ 
stood.  Worthy  of  further  study,  for  the 
cltar-sky  conditions  for  example,  is  the  range 
of  net  attenuation  values  observed  at  a  given 
frequency  at  different  times  or  azimuths  for 
the  same  apparent  ambient  temperature,  baro¬ 
metric  pressure,  relative  humidity,  visual 
transmissivity,  etc. 

In  calibrating  measurements  of  weak, 
interstellar  molecular  spectral-line  emission, 


radio  astronomers  need  to  know  the  concurrent 
atmospheric  opacity  at  a  particular  elevation 
angle  For  clear  sky  observations  (ana  assum¬ 
ing  azimuthal  symmetry  for  the  atmosphere), 

‘he  total  atmospheric  opacity  at  any  elevation 
angle  above  -5°  is  given  by  * total  =  toA, 

where  T  is  the  zenith  opacity  and  A  is  the 
number  of  ai masses*  (=  cosecant  of  elevation 
angle)  associated  with  that  elevation  angle. 

The  University  of  Massachusetts  Radio 
Telescope  has  a  completely  computer-controlled 
procedure  known  as  "Skydip”  that  computes  Tq 

alter  performing  an  internal  receiver-constcnt 
calibration,  taking  sky  brightness  temperature 
measurements  at  eight  different  elevation 
angles  (or  airmasses)  from  12.6°  to  65-4°,  and 
fitting  a  curve  through  the  data  points.  The 
antenna  temperature  observed  with  the  tele¬ 
scope  pointed  at  blank  sky  is  made  up  of  con¬ 
tributions  due  to  system  noise,  self-absorbed 
radome  emission  coming  into  all  lobes,  ground 
radiation  entering  sidelobes  not  pointed  at 
the  sky,  and  attenuated  by  the  radcae,  and 
self-absorbed  atmospheric  emission  into  side¬ 
lobes  looking  at  sky,  also  attenuated  by  the 
radome.  Thus,  (assuming  ecual  gain  in  the 
signal  and  image  sidebands),  the  basic  equa¬ 
tion  showing  the  contributions  of  all  these 
effects  to  the  observed  temperature,  T  .  ,  is: 

Tobs  =  Tsys  +  Trad(1  *  e‘Trad)  +  (1'n)Tambe'Trad 

+  n  T  „  e  Trad  fl-e  ToA)  (1) 

1  atm 

where 

Tsvs  =  system  temperature  (DSB) 

Tra(j  =  radome  temperature 

X  ,  =  radome  opacity  (taking  account 
ra  of  both  sptcc  frame  blockage 
and  membrane  attenuation) 

rj  =  telescope  efficiency  for  a)l 
sidelobes  which  look  at  sky 

^”\ain  beam^ 

Tamb  =  ambient  (gr°und)  temperature 


In  the  astronomical  community,  toe  term 
"airtnass"  commonly  and  unambiguously  refers  to 
the  total  distance  within  the  atmosphere  of  a 
given  line  cf  sight  from  the  ground  to  space, 
as  normalized  to  the  atmospheric  patb  length 
along  a  line  of  sight  to  the  zenith.  For  ex¬ 
ample,  for  observations  at  the  zenith,  the 
airmass  is  1.  Foi  observations  at  an. eleva¬ 
tion  angle  of  30°,  the  airmass  is  2,  implying 
that  twice  as  much  atmosphere  is  encountered 
along  that  path  than  along  a  path  through  the 
zenith. 


T  _  =  mean  atmosnheric  temperature  (in- 

eluding  contributions  iron:  both 
0^  and  uncondensed  11,0) 

t  =  zenith  opacity 

A  =  airnass  (=  secant  of  zenith 
angle). 

A  number  of  assumptions  must  be  made  in 
fitting  the  observed  data  to  this  equation. 

The  radoce  opacity  T  aj  and  the  telescope  ef¬ 
ficiency  r)  are  both  functions  of  frequency. 
Since  n  is  a  measure  of  the  fraction  of  the 
total  antenna  beam  which  sees  sky  rather  than 
ground,  it  will  also  be  a  function  of  eleva¬ 
tion.  Even  Tratj,  the  effective  radome  temper¬ 
ature,  may  not  be  constant  over  the  radome. 

The  parameters  T  rj,  and  Tra(j  are  in¬ 
puts  to  the  data-reduction  program.  The 
values  Trad  =  2?StK,  r|  =  0.9,  Trad  -  0.22  are 

currently  being  used.  Values  determined  by 
the  computer  program  for  Tatn  (at.d  to  a  lesser 

degree  for  i  )  are,  of  course,  influenced  by 
the  values  assumed  for  these  parameters. 

Treating  the  radome  and  ground  emission 
as  independent  of  airmans  produces  an  equation 
af  the  form: 

T  .  =  ?  +  n  e'rrad  T, ,m(l  *  e'ToA),  (2) 

obs  srg  atm 

where  T  includes  the  terms  in  Fq.  (I)  for 
srg 

system  noise,  radome  emission.  3nd  ground 
radiation.  The  Skydip  data-reduction  program 
thus  fits  the  data  to  an  equation  of  the  form: 

Y  =  a  +  b  ec^  ,  (3) 


a=T  +  rj  T  .  e  rad 
srg  atm 

b  =  T  .  n  a  Tr'd 
atm  1 


By  expanding  the  exponential  in  Eq.  (2),  we 
can  write 

T  .  =  T  ♦  (n  e'Trad  T  l  )  A  (A 

obs  srg  atm  o 

+  (-1/2  ri  e  Trad  T  T “)  A2  +  — 

1  atm  o 

It  is  clear  that  when  T  A  is  small,  the  noise 
in  the  data  may  make  it  impossible  to  derive 
the  coefficient  of  the  quadratic  ox  higher 
terms  in  this  expansion.  In  such  cases,  T__ 

and  t  canr.ot  both  be  determined  from  the 
o 


data:  a  value  for  T  _  must  be  assumed  in 
atm 

order  tc  *'-■*  r  .  In  the  fit  to  £e.  (3),  the 

u 

ceroputer  program  gives  the  option  of  trying  to 
determine  ?  or  of  choosing  to  hold  it  fixed. 

I.n  order  to  determine  if  cu-vatere  is 
present  in  the  dat3,  a  quadratic  lesst  squaies 
curve  of  the  fora  of  Eq.  (4)  is  first  .it  to 
the  data-set  requested  by  the  operator.  The 
resulting  coefficient  of  the  quadratic  term, 

C  =  -1/2  n  eTrad  T  .  T2  , 

is  compared  with  its  '-tandard  deviation  (AC); 
if  C  is  positive  (curvature  in  the  wrong  di¬ 
rection)  or  |CI  5  2  AC,  it  is  assumed  that  the 
required  curvature  in  the  data  is  not  present. 
A  fit  holding  Ta  fixed  at  the  value  input  by 

the  operator  in  then  attempted.  The  coeffi¬ 
cients  determined  by  both  quadratic  and  expo¬ 
nential  fits  arc  evaluated  using  the  "input” 

values  for  T  .  n,  t  ,,  T  ,,  ana  T  .  to 
atm  ■’  rad  rau  amb 

produce  two  set-  of  values  for  I  and  T  , 
r  sys  o’ 

which  are  outp"*  on  the  screen.  The  best  fit 

for  a  particular  data-set  can  be  determined  by 

examiring  the  chi-squared  parameter  for  each 

fit  and  the  plots  of  the  fitted  curves  with 

the  data. 

Figure  1  shows  the  raw  data  plotted  for  a 
Skydip  at  S6  GHz.  TOBS  corresponds  in  Kelvins 
to  the  sky  brightness  temperature  plus  the 
receiver  noise  temperature  (in  other  words, 
the  totaj  system  noise  temperature).  For  this 
measurement,  the  total  zenith  opacity  was 
computed  to  be  0.112  nepers  or  0  49  dB.  This 
corresponds  to  a  total  zenith  transmittance  of 
~  0.S9. 

Radio  astronomers,  as  veil  as  system 
planners  considering  passive  ass-wave  syster-.s 
for  target  detection,  must  t3ke  into  accou-.t 
not  oniy  the  variations  in  clear-sky  acmos 
phi-ric  attenuation  as  a  function  of  tempera¬ 
ture,  pressure,  3nd  *elative  humidity,  but 
also  the  variation  resulting  from  nca-prccip- 
itating  clouds.  Figure  2  shows  observed  rapid 
changes  in  total  attentuation,  as  indicated  by 
the  brightness  temperature  variations  caused 
by  strato-cumulus  clouds  passing  through  the 
beam  of  the  UM3ss  radio  telescope  as  it  track¬ 
ed  a  celestial  source.  A  periodicity  (indi¬ 
cated  by  hatch  marks  along  the  time  axis) 
corresponding  to  the  motion  of  the  each  cloud 
’’wave"  across  the  beam  is  clearly  seen.  A 
contrast- temperature-measuring  ground-based 
passive  mmw  system  would  be  rendered  virtually 
useless  with  such  a  sky  background,  unless 
possibly  some  kind  of  polarization-switching 
were  used. 

The  Skydip  program  can  use  an  initial, 
"guess"  of  the  T  to  aid  its  data-fitti.tg 
progran.  Another  computer  code  OFACHP  (for 
Opa-,  ity  Computation)  exists  at  ISJass  which  can 
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Figure  1  Tota’  brightness  temperature  variations  (elevation-dependent) 
sensed  during  SKYD1P  by  liMass  1 3  -  7-a  mow  antenna 
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Figure  2  Short-time-scale  sky  brightness  temperature  variations; 

waves  of  strato-  ciuriins  clouds  passing  through  antenna 
be.  a 


predict  t  at  a  given  frequency  from  meteor¬ 
ological  information,  given  a  mathematical 
description  of  the  atmospheric  absorption-line 
shapes.  These  predictions  have  often  been 
identical  to  those  derived  later  by  the  Skydip 
measurements. 

4.  MILLIMETER-WAVE  SYSTEM  MODELING  AT  TASC 

The  OPACMP  computer  code  has  been  expand¬ 
ed  in  scope  at  the  TASC  facilities,  and  re¬ 
named  RALENS  (Radiometer  Environmental  Simu¬ 
lation)  .  Table  1  summarizes  the  Input/Output 
parameters  of  RADENS.  A  typical  system- 
modeling  scenario  that  would  use  RADENS  is 
described  below. 

A  low-altitude  submnnition  is  guided  over 
a  battlefield  area  by  a  passive  millimeter- 
wave  seeker  measuring  ground  contrast  temper¬ 
atures.  A  metallic  object  such  as  a  tank 
would  generally  appear  cooler  than  the  sur¬ 
rounding  terrain  (i.e.,  have  a  negative  con¬ 
trast  temperature) ,  and  would  thus  be  sensed 
as  a  "target"  by  the  millimeter-wave  seeker. 
The  contrast  is  reduced,  or  even  eliminated, 
however,  by  such  factors  as  the  propagation 
loss  along  the  s..ant  path  from  the  seeker  to 
the  target,  as  well  as  the  sky  radiation  re¬ 
flected  by  the  metal  target.  Additional  con¬ 
trast  reduction  results  from  the  presence  of 
any  clouds  and/or  precipitation  along  the  line 
of  sight  to  the  target. 

Using  the  initial  environmental  condi¬ 
tions  s  well  as  the  instantaneous  altitude, 
range,  and  depression  angle  of  the  radiometer 
seeker  relative  to  the  ground  and  the  target, 
RADENS  will  compute  the  attenuation  that  a 
given  contrast-temperature  on  the  ground  will 
experience.  In  addition,  it  will  also  compute 
the  down-welling  sky  brightness  temperature 
(also  weather-dependent)  which  is  reflected 
from  the  metallic  target  back  up  along  the 
radiometer's  line  of  sight,  reducing  the  neg¬ 
ative  contrast  temperature  due  to  the  target 
alone. 

In  a  scenario  similar  to  that  presented 
above,  the  millimeter-wave  seeker  will  likely 
use  some  scanning  technique  for  initial  target 
acquisition.  With  a  conical-scan  antenna, 
target  position  relative  to  the  missile's 
flight  path  is  determined  ac  a  function  of 
phase  angle  or  the  antenna  scan.  In  addition, 
the  angular  size  subtended  by  the  target  in 
the  beam  also  must  be  considered.  Thus,  a 
target  possessing  the  same  radiometric  con¬ 
trast  temperature  with  the  surrounding  ground- 
will  produce  different  antenna  temperatures, 
as  sensed  by  the  radiometer,  depending  upon 
the  amount  of  the  beam  solid  angle  it  fills. 

The  conical  scan  scenario  is  shown  in 
Figure  3.  The  total  power  output  of  a  radio¬ 
meter  sensing  contrast  temperatures  via  a 
conical-scan  antenna  (possessing  the  indicated 
antenna  pattern  to  the  3  dB  level)  is  shown  in 


the  right  half  of  the  figure.  At  time  t=0, 
the  target  is  at  a  greater  range  and  subtends 
a  smaller  amount  of  the  antenna  beam.  Hence 
the  duration  of  the  360°  scan  that  it  is 
within  the  beam  (the  width  of  the  negative¬ 
going  trace)  is  ‘less  than  at  time  t=l,  when 
its  range  has  decreased. 

Such  a  passive-track  model  has  also  been 
computer-coded  at  TASC.  Tcis  program,  coupled 
with  the  RADENS  output,  has  allowed  very  com¬ 
plete  predictions  of  many  millimeter-wave 
sensing  scenarios,  in  a  wide  variety  of  pos¬ 
sible  adverse  weather  conditions. 

5.  SUMMARY 

The  University  of  Massachusetts  Milli¬ 
meter-Wave  Radio  Telescope  has  the  capability 
of  making  accurate,  rapid  measurements  of  sky 
brightness  temperatures  and  opacities.  Exist¬ 
ing  software  allows  complete  data  reduction  in 
minutes .  ■  The  Analytic  Sciences  Corporation 
has  the  capability  to  construct  extensive 
models  of  passive  millimeter-wave  guidance  or 
target  detection  systems,  taking  into  account 
not  only  imaging  geometry  and  scene  composi¬ 
tion  but  also  all  possible  atmospheric  propa¬ 
gation  effects. 


INPUTS  "RADENS"  OUTPUTS 

FREQUENCY  (20  ■  TOO  GHi) 

RADIOMETER  ALTITUDE  (AGt) 

GROUND  ELEVATION  (ASLI 

SEPARATE  ATTENUATIONS  DUE  TO  02 

GROUND  AIR  TEMPERATURE 

H^O  -  VAPOR 

GROUND  BAROME1MC  PRESSURE 

HjO- CONDENSED 

GROUND  RELATIVE  HUMIDITY 

rc£>  TOTAL  ATMOSPHERIC  ATTENUATION  (ZENITH) 

precipitation  model 

TOTAL  PATH  LOSS  (DB)  BETWEEN  AIRBORNE  RADIOMETER 

(CLEAR  SKY;  CLOUDS/FOG; 

CLOUDS  AND  RAIN) 

AND  GROUND  AT  ANY  DEPRESSION  ANGLE 

CLOUD  BASE  ALTITUDE  (AGL) 

TOTAL  SKY  BRIGHTNESS  TEMPERATURE  (INCIDENT  ON 

CLOUD  TOP  ALTITUOE  (AGL) 

GROUND)  FROM  ANY  ZENITH  ANGLE 

CLOUD  H20  CONTENT 

SURFACE  RAIN  RATE 

Table  l  Computer-modeling  of  atmospheric  effects: 

RADENS  Program  (Radiometer  Environmental 
Simulation)  I/O  parameters 


Figure  3  Passive-track  modeling  of  contrast-temperature 
seeker  using  a  conscan  antenna  to  observe  a 
rectangular  metallic  target  at  decreasing  range 
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ANOMALOUSLY  INTENSE  SHORT  COHERENT  PULSE  GENERATION  BY  SWEPT-GAIN  SUPERRADIANCE 


C.  M.  Bowden,  0.  W.  Howgate,  and  J.  J.  Ehrlich 
US  Army  Missile  Research  and  Development  Command 
Redstone  Arsenal,  Alabama  35809 


ABSTRACT 

Short,  Intense  pulses  were  generated  In  the 
FIR  and  millimeter  regions  by  C02  pulse  exci¬ 
tation  of  CH3F  gas  In  a  long  cell  configuration 
.without  mirrors.  The  pulse  evolution  was  observed 
over  the  pressure  range  from  0.05  torr  to  .3  torr 
and  for  cell  lengths  ranging  from  6  m  to  10  m. 
Using  C12H3F  as  the  active  material,  FIR  pulses 
at  X  =  496  urn  were  obtained,  whereas  the  use 
of  C13H3F  produced  pulses  at  X  =  1.2  mm.  At 
the  high  pressures  (homogeneous  regime)  pulses 
of  temporal  duration  less  than  T2  were  observed. 

1.  EXPERIMENT 

The  experimental  arrangement  Is  shown  in 
Figure  1.  A  TEA  C02  laser  was  operated  on  the 
P(20)  (X  =  9.55  urn)  line  to  give  a  single 
longitudinal  and  transverse  mode  by  using  a  low 
pressure  CW  CO2  gain  cell.  Smooth  200  nsec 
pulses  are  produced  of  about  150  mJ  total  energy. 
These  pulses  are  subsequently  chopped  using  an 
optical  breakdown  switch  which  utilizes  UV- 
trlggered  AC  breakdown  of  clean  Ng.  The  result¬ 
ing  CO2  pulse  is  about  65  nsec  duration  and  Is 
cut  off  on  Its  trailing  side  In  less  than  0.1 
nsec.  This  pulse  Is  passed  through  a  C12H3F  cell, 
6  m  In  length  along  the  cell  axis.  The  area  of 
the  IR  beam  Is  approximately  2  cm2.  The  result¬ 
ing  FIR  pulses  at  496  urn  were  monitored  In  both 
the  forward  and  backward  directions  by  a  low 
temperature  phosphorous  doped  silicon  detector 
which  operated  near  2°K.  At  the  output  end  of 
the  CI2H3F  cell  the  IR  pump  pulse  which  emerges 
and  the  FIR  pulse  generated  were  monitored  simul¬ 
taneously  by  using  a  beam  splitter  which  reflects 
nearly  100?  of  the  IR  and  transmits  about  50?  of 
the  FIR.  These  pulses  were  displayed  In  the  same 
time  frame  on  an  oscilloscope,  whereby  the  rela¬ 
tive  temporal  positions  of  the  two  pulses  were 
easily  determined.  Further  details  of  the  ex¬ 
perimental  apparatus  are  given  in  references 
Ehrlich  et  al.  (1978)  and  Rosenberger  et  al. 
(1977).  The  relevant  energy  level  diagram  for 
CH3F  for  the  transition  involved  In  the  experi¬ 
ment  Is  presented  in  Figure  2.  Since  It  was 
possible  to  couple  to  two  k-level  transitions 
(approximately  45  MHz  apart)  by  tuning  the  pump 
cavity,  we  tuned  to  the  one  corresponding  to  the 
highest  gain,  l.e. ,  k  =  2.  Results  of  this  ex¬ 
periment  were  reported  earlier  by  Ehrlich  et  al. 
(1978)  and  Rosenberger  et  al.  (1978). 


If  C^ 3H3F  is  used  in  the  same  configuration 
discussed  above,  and  If  the  P(32)  line  at  X  = 
9.63  pro  Is  selected  for  the  CO2  pump  pulse, 
millimeter  wavelength  pulses  are  generated  at 
X  =  1.222  millimeters.  Results  of  this  work 
will  be  published  shortly,  Ehrlich  et  al.  (to 
be  published). 
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ABSTRACT 

This  paper  describes  the  functions  and  use 
of  a  near-millimeter  wave  mobile  measurement 
facility  (NMMW/MMF)  that  will  be  used  to  char¬ 
acterize  targets  and  backgrounds  in  clear  air 
and  in  degraded  environments  (fog,  rain,  snow, 
smoke,  and  chaff).  The  facility  will  be  capa¬ 
ble  of  making  simultaneous  measurements  at  94, 
140,  and  220  GHz. 

X.  INTRODUCTION 

From  time  to  time,  interest  in  near- 
millimeter  wave  (90  to  1000  GHz)  research  and 
development  has  risen,  only  to  wane  again  when 
researchers  are  confronted  with  the  difficulties 
of  developing  high  power  sources  and  low  noise 
receivers.  Recently,  however,  military  interest 
has  been  renewed  because,  in  contrast  to  most 
electro-optical  systems,  near-millimeter  wave 
systems  are  expected  to  be  operational  in  spite 
of  most  adverse  atmospheric  conditions,  either 
natural  or  man  induced,  that  might  be  encountered 
on  the  modern  battlefield.  At  the  same  time, 
near-millimeter  wave  radiation  should  provide 
better  resolution  than  one  could  expect  from 
longer  wavelength  radiation,  such  as  microwaves. 

One  concrete  result  of  this  military  inter¬ 
est  is  a  near-millimeter  wave  mobile  measurement 
facility  (NMMW/MMF)  being  developed  by  Harry 
Diamond  Laboratories  (HDL) .  The  facility  is  be¬ 
ing  designed  and  constructed  by  the  Engineering 
Experiment  Station  of  the  Georgia  Institute  of 
Technology  under  contract  with  HDL.  When  com¬ 
plete  this  facility  will  be  capable  of  measuring 
reflections  from  targets,  backscatter  from  rain 
and  other  hydrometeors,  background  clutter,  and 
attenuation  in  an  environment  that  contains  fog, 
rain,  snow,  smoke  or  chaff,  or  combinations  of 
these.  These  measurements  will  be  made  with 
monochromatic  sources  operating  at  frequencies 
of  94,  140,  and  220  GHz. 

The  concept  of  the  NMMW/MMF  arose  from  the 
recommendations  of  a  study  panel — made  up  of 
representatives  of  the  government,  universities, 
and  industry — which  convened  in  1977  to  assess 
the  state  of  NMMW  technology  and  Its  potential 
for  application  to  military  systems.  This  panel 
recommended  a  program  to  complete  the  NMMW  data 
base  needed  for  design  of  NMMW  systems.  One  of 
their  explicit  recommendations  was  for  the  con  - 
struction  of  a  mobile  measurement  facility,  to 
be  used  Army  wide,  for  taking  near-millimeter 
wave  radar-type  data  at  various  test  sites. 


Funds  were  made  available  to  HDL  to  develop  the 
facility  and  a  contract  was  subsequently  let.  for 
detailed  design  and  construction  of  the  NMMW/MMF. 

The  panel  also  recommended  that  provisions 
be  made  for  simultaneous  meteorological  measure¬ 
ments  to  characterize  the  environment  during  the 
near-millimeter  wave  measurements.  The  responsi¬ 
bility  for  this  task  fell  to  the  Atmospheric  Sci¬ 
ences  Laboratory  (ASL) ,  which  is  now  developing 
a  separate  mobile  meteorological  facility  that 
will  be  fully  compatible  with  the  MMF. 

Throughout  the  development  period,  a  coordi¬ 
nation  group,  made  up  of  potential  users  of  the 
data  that  these  two  facilities  will  provide,  met 
periodically  to  advise  on  the  functional  design. 


Fig.  1.  Block  Diagram  of  the  MMF. 


2.  SYSTEM  DESCRIPTION 

Fig.  1  is  a  block  diagram  of  the  NMMW/MMV. 
The  facility  is  housed  in  two  trailers;  one  des¬ 
ignated  as  a  transmitter  trailer,  is  approxi¬ 
mately  40  by  10  ft,  and  the  second  is  a  receiver 
trailer,  30  by  8  ft.  The  trailers  are  heated  and 
air  conditioned.  Parts  of  the  facility  that  are 
not  shown  are  three  30-kVA  generators,  one  for 
the  receiver  trailer  and  two  for  the  transmitter 
trailer  where  lighting,  heating,  and  air  condi¬ 
tioning  together  will  be  connected  to  a  separate 
generator.  Also  shown  4n  Fig.  1  is  the  meteoro¬ 
logical  van  presently  under  development  at  ASL. 
It  is  planned  that  the  meteorological  van  will 
be  an  integral  part  of  any  test  on  which  the 
MMF  is  used. 
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The  facility,  as  shown  in  figure  1,  can  he 
used  for  backscatter  or  target  return  measute- 
ments  by  means  of  transmitters  and  receivers 
in  tiie  transmitter  trailer,  for  bistatic 
target  return  measurements  by  means  of 
separate  receivers  in  the  receiver  trailer, 
or  one-way  measurements  with  the  receiver 
trailer  down  range.  There  will  be  data  and 
voice  links  from  receiver  to  transmitter 
trailer,  and  a  data  link  between  meteorologi ca1 
van  and  transmitter  trailer.  1 

Table  I  lists  the  more  important  equipment 
in  both  trailers.  The  equipment  in  the 
transmitter  trailer  includes  transmitters  at  94, 
140,  and  220  GHz,  tiie  receivers  at  the  same 
frequencies.  This  trailer  will  also  contain 
data  acouisition  and  processing  equioment,  that 
is,  a  minicomputer,  which  will  also  be  used  for 
optimum  positioning  of  the  antennas  by  means  of 
electrically  controlled  gimbals. 

The  receiver  trailer  will  have  receivers 
that  operate  at  94,  140,  and  220  GHz.  The  2-ft 
diameter  dish-type  antennas  will  also  be 
computer  controlled  by  means  of  gimbals 
identical  tc  those  in  the  transmitter  van.  The 
receiver  trailer  will  contain  a  data  collection 
and  transmission  system.  Each  of  the  trailers 
will  have  storage  space,  and  space  will  he 
provided  in  the  receiver  trailer  for  paperwork 
and  mechanical  and  electrical  repairs. 


All  of  this  equipment  will  allow  measurements 
to  be  made  in  clear  air,  rain,  fog,  snow,  chaff, 
dust,  or  dirt.  Measurements  that  will  be  made 
with  the  system  include  attenuation  and  back¬ 
scatter  from  rain  or  snow  or  other  atmospheric 
particles.  Tiiere  will  be  enough  height 
adjustment  of  the  antennas,  approximately  20  cm, 
to  distinguish  the  effects  of  multipath.  Radar 
cross  sections  of  targets  and  ground  clutter, 
and  target  scintillation  can  be  measured  in 
both  the  bistatic-  and  monostatic  modes. 

Table  III  shows  the  system  performance 
requirements  given  in  terms  of  the  range  to 
target  or  receiver  for  which  a  signal  is 
required  that  is  clearly  discernible  above 
background  noise  at  27  C  in  rain  falling  at 
12  nm  per  hour.  Additional  performance 
specifications  for  the  MMF  arc  listed  in  Table 
IV.  A  data  sampling  rate  of  1  kHz  will  provide 
for  rapid  update  of  any  measurements  that  are 
made.  For  backscatter  measurements,  there  will 
be  10  contiguous  range  gates  of  approximately 
19  m  each,  positionable  as  a  unit  anywhere 
along  a  1-km  path.  The  antennas  will  be 
rotatable  through  90  deg  for  measuring  polari¬ 
zation  effects.  Altogether,  the  measurement 
apparatus  will  have  a  60-dB  dynamic  range;  that 
is,  the  facility  will  be  able  to  measure  a  signai 
tnat  is  60  dB  down  from  the  signal  received  under 
-'-minal  best-case  conditions. 


Table  II  lists  the  functions  of  the  data 
acquisition,  processing,  and  control  system  in 
more  detail.  Provision  is  made  for  real-time 
data  acquisition,  analog,  readouts  and  recordings, 
and  near  real-time  CRT  display.  Data  will  he 
recorded  on  nine-track  tape.  In  addition,  hard 
copy  can  he  produced.  The  system  can  receive 
and  process  data  from  the  receiver  trailer  and 
transmitter  trailer,  and  also  from  ASL's 
meteorological  van.  The  latter  will  have  a  date 
processing  system  that  will  be  fully  compatible 
with  the  system  on  the  MMF;  the  twe  systems  will 
be  able  to  interchange  data  and  serve  as  backups 
for  each  other. 


Table  I.  MOBILE  MEASUREMENT  FACILITY  EQUIPMENT 


A.  "Transmitter"  trailer 

1,  Transmitters  (94,  140, 
220  GHz) 

2,  Receivers 

3.  Data  acquisition, proc¬ 
essing  and  control 

4.  Controlled  antenna 


B.  "Receiver"  trailer 

1.  Receivers  (94,  140, 
220  GHz) 

2.  Data  collection  and 
transmission 

3.  Controlled  antenna 
mounts 


mounts 

C,  Three  power  generators 


Table  II.  DATA  ACQUISITION,  PROCESSING  AND 
CONTROL  SYSTEM 

1,  Real-time  data  acquisition 

2,  Analog  readouts  and  recordings 

3,  Near  real-time  CRT  display 

4,  Nine-track  data  file 

5,  Hard  copy 

6,  Data  communications  (Transmitter  to  receiver, 
transmitter  to  meteorological  facility) 


Table  III.  PERFORMANCE  SPECIFICATIONS 


Frequency 

94  Cllz 
140 
220 


27  C  Rain  at  12  mm/hr 

RANGE  a-ml 

One-way  Backscatter  Target  return 

(o  =  lm2) 


1.5  1.0  X-° 
1.5  1.0  1.0 
1.5  0.5  0.5 


Table  XV.  PERFORMANCE  SPECIFICATIONS 

1.  Height  adjustment  for  multipath 

2.  1000-Hz  data  sampling  rate 

3.  10  range  gates 

4.  Polarization  rotation  of  90  deg. 

5.  60-dB  dynamic  range 

3.  SCHEDULE 

The  time  table  for  the  project  completion 
follows.  At  this  writing,,  the  design  is 
complete,  except  for  minor  chang.es  that  will  be 
made  as  the  construction  progresses.  The 
trailers  have  been  refurbished;  heating,  and  air 
conditioning  have  been  checked  and  repaired,  as 
have  the  generators:  and  all  equipment  that 
reouires  a  long  lead  time  for  delivery  has  been 
ordered.  We  expect  the  MMF  to  be  fully 
operational  by  October,  1980.  F ol low-on 
additions  and  improvements  will  include  a 
Fourier  transform  spectrometer  for  broadband 
measurements  from  94  to  400  GHz,  equipment  to 
render  the  sources  coherent  for  more  sophisti¬ 
cated  measurements,  and  equipment  to  convert 
electrical  power  requirements  from  60  to  50  Hz 
for  European  operation. 
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ABSTRACT 

The  Near  Millimeter  Wave  Mobile  Measure¬ 
ment  Facility  (NMMW/MMF)  will  provide  the 
means  for  performing  measurements  in  the  near 
millimeter  wavelength  region  at  various 
locations  where  there  are  weather  conditions 
of  interest  or  where  smoke  tests  may  be 
conducted.  The  MMF  will  consist  of  two  vans 
and  will  contain  transmitters,  backscatter 
receivers  and  one-way  video  link  receivers  at 
3.2  mm,  2.1  mm,  and  1.3  mm  wavelengths.  In 
addition,  broadband  coverage  (%  3  mm-0.7  mm) 
will  be  simultaneously  performed  with  a 
Fourier  Transform  Spectrometer  (FTS).  The  MMF 
will  be  accompanied  by  the  ASL  meteorological 
van  and  its  data  collection  and  processing 
system  will  interface  with  that  of  the  ASL 
van. 

The  design  of  the  entire  MMF  has  been 
established,  the  performance  of  the  NMMW 
systems  analyzed,  and  the  measurement  capabi¬ 
lity  of  the  facility  determined.  The 
capabilities  of  the  MMF  include  attenuation 
measurements  (one-way  transmission  and  temporal 
fluctuations  -  short  term  at  %  200  Hz  or 
greater  rate),  backscatter  from  rain/other 
hydrometeors,  multipath  effects,  clutter, 
target  scintillation,  doppler  spectral  charac¬ 
teristics  and  bistatic  operation.  The  data 
processing  system  will  permit  on-site  calcula¬ 
tion  of  effects  on  the  near  millimeter  wave 
signals.  This  paper  will  present  a  discussion 
of  the  project  status,  provisions  made  for 
additions  to  the  MMF  and  the  schedule  for 
completion  and  availability  of  the  facility 
for  measurements. 

i.  INTRODUCTION 

Recent  investigations  indicate  that  the 
near-millimeter  wavelength  (NMMW)  region  offers 
considerable  military  advantage  over  the  micro- 
wave  and  optical  spectral  regions  during 
periods  of  heavy  fog  or  employment  of  smokes 
by  the  enemy.  The  particular  regions  of  in¬ 
terest  lie  in  the  transmission  windows  at 
wavelengths  3.2  mm,  2.2  mm,  1.3  mm  and  880  urn. 
No  facility  exists  for  the  comparison  of 
atmospheric  propagation  measurements  at  these 
wavelengths  with  measurements  at  optical  and 
microwave  wavelengths.  It  is  necessary  that 
the  measurements  be  performed  simultaneously 
at  several  wavelengths.  In  order  to  perform 
such  measurements  at  several  locations  of 


interest  or  during  planned  smoke  tests,  an 
enormous  investment  in  experimental  apparatus 
is  required.  The  alternative  approach  is  to 
instrument  a  near  millimeter  wave  Mobile 
Measurement  Facility  (MMF)  which  will  enable 
the  measurements  to  be  made  at  various 
locations  where  there  are  weather  conditions 
of  interest  or  where  smoke  tests  may  be 
conducted.  During  the  first  period  of  this 
program,  the  design  plan  has  been  established, 
calculations  performed  on  transmitter  power 
requirements,  costing  of  apparatus  obtained  to 
provide  an  overall  budget  estimate,  milestones 
and  schedules  have  been  set.  In  order  to 
design  the  facility  properly,  the  measurements 
capability  of  the  apparatus  has  been  planned. 

Ir,  this  paper,  a  discussion  of  the 
utilization  and  capability  of  the  MMF  will  be 
given.  The  goals  and  several  characteristics 
of  the  system  were  presented  in  the  previous 
paper  (Dudley, 1979). 

The  MMF  will  consist  of  two  vans  and 
will, contain  transmitters,  backscatter  super¬ 
heterodyne  receivers  and  one-way  video  link 
receivers  at  3.2  mm,  2.1  mm,  and  1.3  mm 
wavelengths.  In  addition,  broadband  coverage 
(v  3  m  -  0.7  nm)  will  be  simultaneously 
performed  with  a  Fourier  Transform  Spectrometer 
(FTS).  The  NMMW/MMF  will  be  accompanied  by 
the  ASL  meteorological  van  and  its  data 
collection  and  processing  system  will  interface 
with  that  of  the  ASL  van  (Snider,  1979). 

2.  RANGE  CALCULATIONS 

The  power  requirements  for  the  transmitter 
sources  are  determined  by  the  range  capability 
under  severe  atmospheric  conditions.  Calcula¬ 
tions  have  been  performed  assuming  performance 
parameters  for  the  systems  to  be  employed. 
Estimates  of  required  transmitter  power  are 
given  for  the  near-millimeter  wavelength 
regions  which  will  be  covered  in  the  initial 
measurements,  i.e.  94  GHz,  140  GHz  and  220 
GHz. 

2.1  One-Way  Transmission  Link 

For  propagation  between  the  two  vans, 
the  transmitter  power  and  receiver  sensitivity 
requirements  are  relatively  easy  to  meet. 
The  one-way  link  equation  '  governing  this 
operation  for  a  heterodyne  system  is 

PT  =  £  2  xTBflp  Lrf  2*R/4.34 
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and  for  a  video  system  is 

Pt  =  $  (§^}2(NEPj  B*  LRFeKR/').34  (2) 

where 

PT  =  REQUIRED  TRANSMITTER  POWER  (WATTS) 

jj  »  SIGHAL-TO-NOISE  RATIO,  TYPICAL  10/1 
R  =  RANGE  IN  KM 

6,  =  GAIN  OF  ONE  ANTENNA  (ANTENNAS  ASSUMED 
TO  BE  SAME  SIZE)  c 

A  =  WAVELENGTH  IN  KM  (  A  =  3xl05/v  , 

V  -  frequency) 

kT  =  4.14  X  10'21  JOULES  FOR  300°K 
B  =  BANDWIDTH,  TYPICALLY  107Hz 
Np  =  NOISE  FIGURE,  EXPRESSED  AS  a  FACTOR, 
i.e.  3dB  =  2 

LRP  =  RF  SYSTEM  LOSSES,  AS  A  FACTOR  >  1 
c<  =  ABSORPTION  COEFFICIENT  IN  DB/KM 

NEP  »  10-11  WATTS,  THE  NOISE  EQUIVALENT  POWER 
ASSUMED  FOR  A  ScHOTTKY  BARRIER  DIODE 

B*  -  3162.28  Hz* 


The  calculations  have  been  performed 
for  both  heterodyne  and  video  receiver  systems. 
The  values  for  the  parameters  used  are 
gi  'en  in  Table  1.  The  factor  LRf.  for  the 
RF  system  loss,  appears  in  the  numerator  as  a 
factor  >1  so  that  if  the  system  has  an 
internal  loss  of  3  dB,  then  LRF  =  i.  For 
all  the  calculations,  the  bandwidth  B  of  the 
system  is  assumed  to  be  10'  Hz  with  the 
understanding  that  the  pulse  width  will  be  on 
the  order  of  100  ns.  The  NEP„. noise 
equivalent-power,  is  assumed  to  be  10  11 
watts/Hz1'*  for  a  Schottky„Barrier  diode. 
Values  of  10  c  watts/Hz172  have  been  obtained 
for  point  .  contact  diodes,  so  that  10'11 
watts/Hz1 is  a  reasonable  value  for  a 
Schottky  Barrier  diode,  which  is  expected  to 
be  more  sensitive  (video  case  as  well  as 
heterodyne  case)  than  a  silicon  point  contact 
diode.  The  values  listed  in  Table  1  for  RF 
losses,  lRF,  have  been  achieved  in  the 
laboratory  But  will  quite  probably  exceed 
these  values  in  the  field.  Circulators  and 
switching  devices  will  contribute  signifi¬ 
cantly  to  losses  at  the  higher  frequencies. 


The  antenna  gains  which  are  employed  in 
the  calculations  are  for  an  antenna  diameter 
of  0.6  m  and  an  antenna  efficiency  of  50%. 
If  difficulty  is  encountered  in  the  pointing 
and  alignment  of  the  antennas  at  high 
frequency,  a  smaller  receiver  antema  could 
be  employed.  An  antenna  of  only  0.3  m 
diameter  would  increase  the  power  required 
for  the  transmitter  by  a  factor  of  4.  The 
results  of  the  one-way  propagation  are  given 


in  Table  2  for  rain  rates  of  4  mn/hr  and  12.5 
mm/hr.  It  is  seen  from  Table  2  that,  for  P.  = 

1  km,  at  all  frequencies,  the  video  systems 
are  sufficiently  sensitive  to  detect,  on  a 
single  pulse  basis,  transmitter  power  well 
below  the  available  power  at  each  frequency. 
Actually,  if  the  fWMW/MMF  were  to  be  employed 
for  one-way  transmission  only,  IMPATTS  would 
provide  sufficient  power  as  transmitters. 
Further  sensitivity  can  be  obtained  by 
integration.  Thus,  for  a  single  pulse 
observation  or  for  integrated  operation, 
sufficient  power  is  available  with  Extended 
Interaction  Oscillators  (EIO's)  to  perform 
one-way  transmission  at  rain  rates  in  excess 
of  12.5  mm/hr.  at  1  km  range.  The  interest 
in  signal  fluctuations  requires  S/N  >10,  and 
it  is  observed  from  Table  2  that  sufficient 
dynamic  range  exists  for  single  pulse  or 
short  teim  signal  averaging.  The  output 
power  quoted  by  Varian  for  EIO's  is  shown  in 
Table  3.  For  one-way  operation  at  1.5  km. 
Table  4  shows  the  required  power  for  video 
operation  at  12.5  mm/hr  and  includes  340  GHz 
for  the  parameters  of  Table  1  but  with  NEP 
(W/Hz1'2)  =  lO'10  and  LRF  =  10.  One-way 
transmission  does  not  present  a  problem  at 
ranges  to  1.5  km  for  all  NMMW  frequencies  to 
be  included  in  the  facility. 

2.2  Rain  Backscatter 

For  the  case  of  rain  backscatter,  the 
problem  becomes  more  severe.  In  this  case, 
only  heterodyne  operation  is  applicable  and 
the  range  under  severe  weather  conditions  will 
be  limited  to  0.5  -  1  km. 

the  transmitter  power  required  for  rain 
backscatter  is  given  by 

Pt«$Vtb)  (qTij^e^  Lbf  _  (3) 

2X2  Ga2ob 


Eq.  (4)  gives  the  backscatter  cross-section 
as  expressed  in  terms  of  the  backscatter  coef¬ 
ficient  which  can  be  thought  of  as  the  cross¬ 
section/unit  scattering  volume  (m2/m3): 


vWcrp  (4) 

where 

q  =  BACKSCATTER  COEFFICIENT  <r.2/K^> 

0  5  “  BEAU  DIAMETER  IN  RADIANS 

C  =  VELOCITY  OF  LIGHT  (3  X  105  KM/SEC) 

?%  =  PULSE  WIDTH  (SEC) 

The  remaining  parameters  in  (3)  and  (4)  are  de¬ 
fined  in  section  2.1.  As  In  section  2.1,  no 
integration  is  Included.  Table  5  gives  para¬ 
meter  values  for  backscatter  calculation  at  94, 
140,  and  220  GHz.  Power  requirements  for  rain 
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TABLE  1  TABLE  2. 


TABLE  5 


PARAMETER  VALUES  FOR  BACKSCATTER  CALCULATIC‘1 


PARAriETER 

99  GHz 

190  GHz 

220  GHz 

**F 

10 

20 

60 

^“RF 

2 

3.3 

9 

X  Q0'6k /;> 

3.2 

2.19 

1.36 

Ga(105) 

1.78 

3.88 

9.6 

9k>i/hr 

3.9 

7.3 

11.3 

12.5  mi/hr 

7.6 

12.3 

16.3 

R.  A  mm/hr 

1.9xI0‘1kh- 

2.2x10'* 

9.5xl0‘2 

Kir 

9.2x10'* 

1.9x10'* 

12.5  KH/HR 

9x10'* 

Range  (kk) 

0.5,  1.0 

0.5,  1.0 

0.5,  1.0 

O-y  (rad.) 

5.9xl0'3 

9.0x10"' 

2.9xl0'3 

KTi!T.|fc 

9.19xl0‘2* 

9.19X10'21 

9.19xlO'21 

TABLE  6. 

POWER  REQUIREMENTS  FOR  RAIN  BACKSCATTER 

MEASUREMENTS  -  HETERODYNE  DETECTION 

SINGLE  PULSE 

FREQUENCY 

RAIN  RATE 

POWER  REQUIRED  (t'/YTTS) 

(GH?) 

(hh/hr) 

R  =0.5  K 

;h  R  =  1.0  km 

go 

9 

0.2 

1.96 

12.5 

0.22 

5.13 

199 

u 

1.2S 

27.96 

12.5 

2.12 

199.09 

220 

t; 

30.35 

1691.05 

jl2.5 

98.09 

8218.05 

TABLE  7. 

REQUIRED  TRANSMITTER  POWER  FOR 
TARGET  RETURN,  cr  =  j  ,2,  SINGLE  PULSE 
HETERODYNF  RECEPTION 


FREQUENCY 

RAIH  RATE 

REQUIRED  POWER  (v;ATTs) 

_J£Hz2_ 

UMh?) 

R  =  0.5.  KM  R  «  1.0  KM 

59 

9 

3. 89  X  10'3  0.i5 

12.5 

9.12  x  10'3  0.89 

190 

9 

1.32  x  10'2  1.19 

12.5 

9.18  x  10'2  11.90 

220 

9 

9.98  x  10'2  10.6 

12.5 

1.55  x  10'*  105.7 
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backscatter  measurements  at  the  three  frequen¬ 
cies  of  primary  interest  are  shown  In  Table  6. 

At  R  =  1  km,  the  required  power  for  220  GHz  ex¬ 
ceeds  the  quoted  power  listed  in  Table  3,  and 
would  require  coherent  integration  or  incoherent 
integration  of  approximately  1000  and  2  x  1C'4 
pulses  respectively  for  4  mm/hr  and  12.5  rmi/hr. 
In  addition,  integration  would  be  required  at 
340  GHz  to  observe  rain  backscatter. 

2.3  Target  Return 

The  NMMW/MMF  will  have  the  capability  of 
measuring  not  only  atmospheric  affects  but 
target  and  terrain  effects.  Target  return  for 
a  target  cross-section  c--  =  1  nr  has  been 

calculated  for  the  three  frequencies  of  major 
interest.  The  relation  for  single  pulse 
target  return  is  given  by 

p  =  (ATT)3  R*5  (jj  k!B:sc  )  I  ^2^.34  (5, 

2ga2a2<t7 


where  all  parameters  are  given  in  section  2.1 
and  c?T  is  the  target  cross-section  (m2),  es- 
s umed  to  be  1  m2  for  calculations.  Table  7 
gives  the  results  for  the  required  power. 

From  the  calculations  of  this  section, 
it  is  seen  that  the  transmitter  power 
required  for  the  NMMW/MMF  dictates  the  use  of 
EIO'S  and,  at  the  higher  frequencies  (220  GHz 
and  340  GHz),  substantial  integration  is 
necessary.  At  35  GHz,  a  frequency  of 
secondary  interest,  the  power  requirements 
can  be  met  by  IMPATT  or  amplified  Gunn 
oscillators. 

3.  KMF  CHrt.-'CTEklSTlCS 

3.1  Spectral  Range  for  MMf 

On  the  basis  of  projected  military 
applications,  the  frequencies  or  spectral 
regions  of  interest  are  the  following:  94 
GHz,  14G  Gh’z  and  220  GHz  employing 
monochromatic  sources,  and  3-13  cm”1  (90- 
390  GHz)  continuous  coverage  with  a  Fourier 
Transform  Spectrometer  (FTS). 

In  addition,  the  HiF  will  be  capable  of 
operation  at  other  wavelengths  if  a  user 
wishes  to  provide  the  propagation  apparatus. 
Thus,  space  would  be  available  to  include  3 
mm,  0.88  mm,  10.6  urn  or  1.06  pm  for 
comparative  propagation  measurements. 

3.2  Operational  Range 

The  operational  range  for  the  NMMW/MMF  is 
set  by  the  requirements  of  observing  the 
atmospheric,  target  and  terrain  characteristics 
under  severe  atmospheric  conditions  and  by  the 
limitations  imposed  by  the  availability  of 
meteorological  apparatus.  The  greater  the 
range,  the  greater  the  amount  (and  therefore 


the  cost)  of  met  gear.  The  ranges  over  which 
observations  will  he  made  are: 

Point-to-Point:  0.5  -  1.5  km 

Signal  Return;  0.5  -  1.0  km 

The  monochromatic  systems  to  be  employed 
will  be  capable  of  operating  to  approximately 
3  km  for  the  one-way  link  but  will  not  have 
meteorological  control  over  the  entire  path- 
length.  The  FTS  apparatus  will  be  limited  to 
approximately  0.5  -  0.75  km  range. 

3.3  Operating  Environmental  Conditions 

The  NMMW/MMF  will  be  employed  for 
operation  during  rain,  fog,  snow  and  smoke 
conditions.  The  expected  conditions  will 
include  temperature  extremes  from  approximately 
-20°F  to  +12G°F  and  exterior  conditions  of 
high  humidity,  rain,  dust,  and  sun  load 
typical  of  summertime  desert  environment. 
Rain  rates  will  include  4  mm/hr  and  12.5 
mm/hr.  It  is  expected  that  rates  >12.5  mm/hr 
will  occur  for  shorter  periods  of  time  during 
operation.  The  severity  of  conditions  during 
fog  or  snow  will  not  exceed  the  system 
capability. 

3.4  Measurement  Capability 

The  NMMW/MMF  will  have  the  capability 
not  only  for  atmospheric  measurements  but 
also  for  the  important  function  of  determining 
target  and  terrain  characteristics  in  the 
spectral  regions  of  interest.  At  frequencies 
above  100  GHz,  practically  no  information 
exists  on  the  characteristics  of  targets  and 
terrain.  Table  8  lists  the  measurement 
capability  of  the  facility  in  order  of 
priority.  Attenuation  measurements  under  all 
environmental  conditions  are  listed  as  the 
items  of  highest  priority.  In  addition  to 
the  straight  attenuation  effects,  temporal 
fluctuations  of  signals  as  a  function  of 
environmental  conditions  provide  information 
important  to  military  systems.  At  BRL,  short 
term  fluctuations  have  been  observed  in 
measurements  at  94  GHz  and  140  GHz.  The  FTS 
measurer c~ts  at  Appleton  Laboratory  indicate 
large  spectral  fluctuations  in  *og,  varying 
in  time  with  fog  intensity.  Correlation  of 
these  two  effects  is  important,  and  a 
capability  for  measuring  temporal  fluctuations 
at  a  rate  of  at  least  200  Hz  must  be  built 
into  the  monochromatic  systems.  Actually 
single  pulse  measuring  capability  is  being 
provided.  The  terrain/target  characteristics 
are  accounted  for  by  the  other  measurements. 

3.5  Mooile  Measurement  Units 

The  ftMMW/MMF  will  consist  of  three  vans 
capable  of  being  moved  to  a  location  for 
measurements  of  interest.  One  van,  to  be 
provided  by  ASl,  will  provide  meteorological 
support.  Two  large  vans  will  serve  as  a 
transmit  van  and  a  receive  van.  The  larger  of 
the  two  will  serve  as  the  Transmit  Van  and 
will  contain  the  facilities  shown  in  Figure  1. 
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Table  8. 

MEASUREMENT  CAPABILITY  OF  NMMW/MMF 

1.  Attenuation 

(a)  One-way  transmission 

(b)  Temporal  fluctuations  -  short  term 
at  ~  200  Hz  rate 

2.  Backscatter  -  rain/other  hydrometeors 

3.  Multipath  effects 

4.  Target  cross-sections 

5.  Clutter 

6.  Target  scintillation 

7.  Ooppler  spectrum  -  clutter,  targets 

8.  Bi static  operation  capability 


The  smaller  van  will  serve  as  the  Receive  Van 
with  the  apparatus  also  shown  in  Figure  1. 
The  large  van  has  three  doors  on  one  side,  two 
of  which  will  be  employed  as-  propagation 
ports.  The  smaller  van  has  a  rear  double  door 
and  a  side  wall  door. 

An  artist  concept  (Figure  2)  shows  the 
two  vans  with  tne  configuration  in  which  the 
NMMW  apparatus  will  be  operated.  The 
transmitter  van  will  have  transmitter  and 
backscatter  receiver  for  the  three  frequencies, 
94  GHz,  140  GHz  and  220  GHz,  and,  at  the  rear 
of  the  van,  a  Fourier  Transform  Spectrometer 
and  its  source.  The  FTS  will  be  operated  with 
a  roof  retroreflector  so  that  source  and 
spectrometer  can  be  controlled  from  the  one 
van.  The  transmitter  and  backscatter  receiver 
for  each  frequency  have  individual  antennas 
and  can  be  separated  for  bistatic  operation. 
The  transmitters  are,  as  indicated  above. 
Extended  Interaction  Oscillators.  Hard  tube 
modulators  are  being  -.onstructed  rather  than 
line  modulators  for  improved  pulse  shape.  It 
is  planned  to  use  these  sources  eventually  in 
coherent  operation. 

The  interiors  of  the  vans  are  shown  in 
the  diagram  of  Figure  1.  The  position  o?  the 
FTS,  Antenna  Bays  and  computer  are  shown  in 
the  transmitter  van.  The  NMMW  monochromatic 
systems  are  mounted  in  bays  with  the 
apparatus  adjustable  in  height  for  multipath 
measurements.  Each  NMMW  system  is  mounted  in 
a  gimbal  mount  for  vertical /horizontal 
angular  adjustments.  The  gimbals  will  be 
computer  controlled  for  periodic  checks  on 
antenna  alignment. 

Th :  receiver  van  has  the  NMMW  equipment 
bay  at  the  rear  of  the  van.  A  small 
electronic  shop  and  a  machine  shop  are 
located  in  the  receiver  van  for  repairs  in 
the  field. 

3.6  MMF  Data  Acquisition  System 

The  WF  data  acquisition  system  will  be 
based  upon  an  H-P  1000  Model  45  computer.  The 


Model  45  provides  the  high  precision 

processing  speeds  needed  for  the  MMF.  The 
computer  has  a  disk  operating  system  with  a 
graphics  console.  The  input  data  is  derived 
from  three  microwave  sources  (94  GHz,  140  GHz, 
and  220  GHz)  plus  a  fast  scan  Fourier 
Transform  Spectrometer.  Each  microwave  system 
produces  three  types  of  information.  Initially 
the  transmitted  pulse  is  sampled,  then  the 
one-way  link  propagation  information  is 

provided,  and  finally  a  backscatter  gated 
receiver  generates  a  possible  128  range  cells 
of  data  per  pulse.  The  one  way  link  data  is 
brought  back  real  time  by  a  multiplexed 
digital  wire  or  microwave  (X-band)  link. 
Antenna  control  is  also  provided  over  the  two 
way  data  link  along  with  a  voice  channel.  The 
three  microwe  e  data  sources  are  digitized  and 
recorded  in  real  time  during  the  experiment. 
Analog  data  handling  is  also  provided 
simultaneously  with  the  experiment  along  with 
real  time  data  presentations  to  personnel. 
Typical  data  rates  are  on  the  order  of  37 
Kbytes  a  second  using  ten  range  gates  per 
wavelength.  The  final  data  file  is  stored  on 
9-track  tape. 

Figure  3  shows  an  outline  of  the  manner 
in  which  the  computer  data  acquisition  system 
is  employed,  and  Figure  4  presents  a  diagram 
of  the  140  GHz  NMMW  system  with  transmitter, 
video  receiver  and  backscatter  receiver.  The 
data  processor  requirements  are  given  in  Table 

9.  The  range  gating  capabilities  have  been 
designed  to  provide  at  least  ten  contiguous 
gates,  approximately  30  meters  in  length, 
positionable  as  a  unit  anywhere  up  to  the 
maximum  range  of  interest.  Actually,  up  to 
128  gates  can  be  provided  with  this  system  for 
each  pulse. 

4.  CONCLUSIONS 

The  system  described  in  this  paper  will 
provide  a  capability  to  perform  important 
measurements  at  any  sites  of  military 
Interest.  In  addition  to  the  systems 
described  above,  provision  has  been  made  to 
be  able  to  Include  any  additional  systems  of 
interest.  The  Mobile  Measurement  Facility  is 
scheduled  to  be  completed  by  September,  1980. 
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ABSTRACT 

iie  Atmospheric  Sciences  Laboratory, 
US  Army,  is  developing  a  Transportable 
Atmospaerl Characterization  Station 
(TACS)  in  cooperation  with  Harry  Diamond 
Laboratory  to  characterize  the  atmospheric 
propagation  path  during  operation  of  the 
Mobile  Measurement  Facility  (MMF) .  The 
system  will  consist  of  two  vans  containing 
a  computerized  data  acquisition  system, 
repair  facilities  and  rudimentary  living 
quarters,  two  tr  .ors  carrying  particle 
size  probes  on  servo  mount,  a  12  meter 
tower,  diesel  generator,  and  thre  -  or  more 
remote  stati ons  deployed  along  the  propa¬ 
gation  path.  The  system  is  designed  to 
measure  the  particle  size  distribution  of 
rain,  dust,  or  fog  from  0.3  p  to  l'1. 4  mm, 
and  provide  as  complete  a  meteorological 
characterizatio  .  of  the  test  site  as  is 
oortably  possible. 

1.  INTRODUCTION 

The  Atmospheric  Sciences  Laco-atory, 
WSMR,  is  developing  a  Transportab" e 
Atmospheric  Characterization  Station 
(TACS)  in  association  with  the  Harry 
Diamond  Laboratory  Mobi1 e  Measurement 
Facility  (MMF).  Its  purpose  is  to  provide 
a  detailed  characterization  of  the  near 
millimeter  wave  atmospheric  propagation 
path.  Many  previous  millimeter  propaga¬ 
tion  measurements  have  been  of  limited  use 
to  the  systems  designer  and  atmospheric 
scientist  because  the  measurements  were 
not  accompanied  by  adequate  data  on  the 
physical  state  of  the  propagation  path. 
Without  tins  data  it  is  j  ..possiole  to 
rcJ  ate  the  diverse  measurements  and 
compile  a  well  defined  millimeter  w£n  e 
data  base. 


The  interaction  with  the  atmosphere, 
generally  negligible  at  lower  radio  fre¬ 
quencies,  becomes  of  major  significance  as 
frequencies  rise  above  35  Gigahertz. 
Besides  tne  everpresent  absorption  effects 
of  gaseous  oxygen  and  water  vapor,  various 
aerosols  such  as  rain,  fog,  snow  and 
particulates  such  as  dust  and  smoke,  make 
increasing  contributions  to  the  total 
atmospheric  extinction  at  these  frequen¬ 
cies.  System  operation  parameters  there¬ 
fore  become  sensitive  to  the  detailed 
atmospheric  conditions  and  such  conditions 
must  be  known  if  the  extinction  measure¬ 
ments  are  to  be  truly  useful. 

The  TACS  has  been  designed  to  provide 
path  characterization.  I.i  enfs  report  we 
wili  describe  the  physical  and  operational 
characteristics  of  the  syst.  ..i  as  it  is 
being  constructed.  The  TACS  is  not 
envisioned  as  a  static  syster,  however,  a 
program  to  improve  its  sensing  capabili¬ 
ties,  in  sensitivity,  in  area  coverage, 
and  parameters  measured,  is  an  integral 
part  of  its  operating  plan. 

2.  PHYSICAL  DESCRIPTION 

The  TACS  system  will  be  based  upon 
rll09  Shop  Vans.  These  are  air  trans¬ 
portable  (C-34.1),  3  axle  drive  all  terrain 
vehicles.  Two  such  vans  will  be  avail¬ 
able.  One  unit  wili  house  the  data 
acquisition  system  and  perform  experiment 
control,  data  compilation  and  storage,  and 
tow  one  trailer.  The  other  will  provide 
the  maintenance  and  repair  facilities, 
rudimentary  living  space,  and  will  tow  the 
other  trailor.  Depending  on  the  test 
requirements  either  one  or  both  vans  would 
be  used. 
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The  two  trailers  will  be  employed  to 
transport  and  deploy  a  32  meter  meteoro¬ 
logical  tower,  diesel  generator  and 
pedestal  mount  servo-controlled  by  the 
wind  speed  and  direction.  The  tower  and 
pedestal  mount  will  be  equipped  with 
various  sensors  as  described  in  Section  3. 

The  millimeter  wave  propagation  path 
will  be  instrumented  at  regular  intervals 
by  ground  based  remote  stations.  These 
stations  will  be  self-contained  battery 
powered  units  and  will  communicate  with 
the  data  acquisition  van  via  radio  or 
hardwire  link.  Again,  their  met  equipment 
is  discussed  in  the  next  section. 

3.  METEOROLOGICAL  EQUIPMENT 

Experiment  control,  data  sequencing, 
manipulation,  storage  and  reduction  will 
be  performed  by  a  minicomputer  based  data 
acquisition  ’tem.  This  computer  will 
poll  the  var.  remote  sensors  on  the 
tower,  the  propagation  path,  and  the 
servo  mount;  the  data  will  then  be  col¬ 
lated  by  the  computer  and  stored  on 
magnetic  tape.  The  data  system  has  been 
designed  to  interface  with  the  MMF  com¬ 
puter  to  form  a  distributed  processing 
system  capable  of  total  experiment  control 
of  both  the  TACS  and  MMF  from  either 
computer.  Also,  this  will  allow  rapid 
data  transfers  between  machines  to  permit 
backup  data  storage. 


Tempera¬ 

ture 

-75°C  to 
50°C 

±0.2°C 

Pressure 

488  torr  to 
800  torr 

±0.5  torr 

Wind  Speed 

>0.6  mph 

±0.15  mph 

Wind 

Direction 

0-360° 

±2° 

Sun/Skv 

Radiation 

0-.i.5gmcal/ 

cm^min 

±5% 

Visible 

Contrast 

0-100% 

±5% 

Visibility 

(Forward 

60  meters 
to  6  km 

±5% 

Scatter  Meter) 

The  wind  sensor  can  be  either  a  3  axis 
(UVW)  sensor  or  a  standard  cup  anemometer 
and  vane. 

The  particle  size  measuring  probes 
will  be  mounted  on  the  servo  controlled 
pedestal  mount.  This  unit  will  be  con¬ 
trolled  to  always  face  in  azimuth  into  the 
wind,  and  in  elevation  to  point  along  the 
rain  vector.  While  the  true  rain  vector 
is  drop  size  dependent,  the  orientation  of 
the  probes  .will  be  such  that  the  size  mea¬ 
surement  will  not  be  biased  by  drops  not 
fallirg  along  the  probe  axis.  When  there 
is  no  wind,  the  probes  measuring  sizes 
from  0.2p  to  1600p  will  be  aspirated  to 
collect  samples. 


The  most  accurate  met  data  will  be 
collected  by  sensors  based  with  the  data 
van  due  to  their  general  use  of  110  volt 
60  Hertz  power.  These  instruments  will 
also  be  useu  to  calibrate  the  remote  sen¬ 
sors  which  usually  are  less  precise  in 
operation.  Table  1  describes  the  sensor 
measurement,  range  and  accuracy  for  the 
van  associated  sensors. 


TABLE  1  Van  Equipment 

PARAMETER  RAi'GE _ ACCURACY 

Particle  0.3y  to  Varies  ±0.1p  to 

Size  12.4mm  ±100y 

Rain  Rate  >T).25mm/hr  ±5%  typical 

Dewpoint/  -/5°C  to  ±0.2°C 

Frostpoint  50°C 


The  tower  instruments  will  be  deployed  at 
the  2,  4,  8,  16  and  32  meter  levels. 

Table  2  is  a  compilation  of  their  para¬ 
meters,  ranges  and  accuracies. 


TABLE  2  Tower  Equipment 


PARAMETER 

RANGE 

ACCURACY 

Relative 

Humidity 

0  to  100% 

±2.0% 

Tempera¬ 

ture 

-40°C  to 
60°C 

±0.8°C 

Wind  Speed 
(3  axis) 

0.5mph  to 
45mph 

±0.2mph 

Down/Up 

Welling 

Radiation 

0  to  2.5^ 

gmcal/cnr/ 

min 

±5% 

The  tower  data  collection  will  be  con¬ 
trolled  by  a  local  data  'logger  and  trans¬ 
mitted  to  the  data  van  on  command. 

There  will  be  initially  3  propagation 
path  remote  stations,  the  number  to  be 
expanded  as  funding  permits.  These  units 
will  also  employ  a  data  logger,  to  collect 
the  data  described  in  TabJe  3. 

TABLE  3  Propagation  Path  Equipment 


PARAMETER 

RANGE 

ACCURACY 

Rain  Rate 

>0. 25mm/hr 

z5% 

Relative 

Humidity 

<15%  to 

99% 

±3% 

Tempera¬ 

ture 

-45“C  to 
65°C 

±0. 6°C 

Sun/ Sky 

0  to  2.5 

±5% 

Radiation 


gmcal/cm2/ 

min 


During  tests,  the  TAGS  system  will  be 
operating  generally  on  a  sample  repetition 
rate  of  better  than  1  Hertz.  These  data 
will  be  stored  in  the  data  van  as  well  as 
being  transmitted  to  the  MMF  for  colJa- 
tion  with  the  millimeter  wave  data.  At 
the  test  location,  but  while  mm  data  ar« 
not  being  taken,  we  plan  to  sample  the 
general  meteorological  sensors  once  every 
15  minutes  to  provide  a  synoptic  record  of 
the  test  site  weather. 


gauges  must  be  relied  on  to  give  rain  rate 
at  other  points.  As  the  atmospheric 
propagation  path  will  be  characteristically 
1  km  in  length,  and  rain  cell  sizes  are 
generally  below  100m,  at  least  10  remote 
stations  with  rain  gauges  would  be 
required  to  minimally  sample  the  path,  To 
avoid  the.  fine  spacing  of  sensors,  ASL  is 
investigating  the  use  of  a  Path  Integrat¬ 
ing  Rain  Gauge  In  development  at  NOAA 
(Wang  et  al.,  1977).  A  few  such  instru¬ 
ments  could  provide  an  average  rain  rate 
over  the  entire  propagation  path. 

Traditional  rain  gauges  also  find 
difficulty  in  measuring  low  rainfall  rates 
accurately.  The  tipping  bucket  variety 
has  unacceptably  long  Integration  times 
for  rain  rates  below  about  5  mm/hr.  Since 
this  *.s  3n  important  domain  for  HKW 
systems,  t-ln  sensors  sensitive  to  low 
rain  rates  would  be  a  valuable  addition  to 
T.\CS. 

Further  improvements  and  additions  Co 
TACS  will  be  identified  as  Che  result  of 
field  testing  and  data  reduction  require¬ 
ments. 
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Field  tests  of  the  TACS  system  will  begin 
in  the  summer  1979.  The  system  is  planned 
to  be  fully  operational  with  all  sens,  eg 
by  December  1980. 

A.  FUTURE  PLANS 


Humidity  measurements  from  the  TACS 
will  provide  an  adequate  determination  of 
water  vapor  content  for  the  prediction  of 
H.jO  absorption.  In  adverse  weather  con¬ 
ditions,  particularly  rain,  aerosol  scat¬ 
tering  becomes  the  dominant  attenuator. 

The  particle  size  measuring  probes  will 
provide  an  excellent  determination  of  rain 
drop  size  distributions,  but  only  at  one 
point.  This  distribution  can  be  integra¬ 
ted  to  give  rain  rate  at  this  point;  rain 
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ABSTRACT 

In  support  of  laser  system  design  and  test¬ 
ing,  the  Atmospheric  Sciences  Laboratory  (ASL) 
at  White  Sands  Missile  Range  (WSMR) ,  New  Mexico, 
has  designed,  developed,  and  implemented  a  sys¬ 
tem  for  meteorological  data  acquisition,  trans¬ 
mission,  and  processing.  The  system  covets 
optical  turbulence,  wind,  gases,  and  partic¬ 
ulates.  The  system  has  been  in  operation  for 
2  years  and  is  currently  being  used  to  charac¬ 
terize  the  atmosphere  at  a  high  energy  laser- 
facility  at  WSMR. 

Optical  turbulence  instrumentation  includes 
point  measurements  with  a  spatial  temperature 
probe,  integrated  measurements  over  a  180-m 
horizontal  path  with  an  optical  scintillom¬ 
eter,  and  vertical  profiles  up  to  600  m  with 
an  acoustic  sounder.  Wind  speed  and  direction 
are  monitored  with  a  UVW  anemometer  system. 

Gases  currently  being  monitored  for  con¬ 
centration  include  water  vapor,  ozone,  total 
hydrocarbons,  methane,  nitrous  oxide,  and 
carbon  dioxide.  Particulate  measurements 
include  those  of  size  distribution,  mass  con¬ 
centration,  and  scattering  coefficient. 

Stations  at  each  data  acquisition  site 
acquire,  preprocess,  convert,  transmit,  and/or 
store  data.  The  stations  are  linked  to  a 
central  computer  through  bidirectional  com¬ 
puter-controlled  data  links.  The  central 
computer  handies  the  data  collection,  archiv¬ 
ing,  and  formatting. 

1.  INTRODUCTION 

The  ASL  at  WSMR  has  been  active  in  the 
study  of  atmospheric  effects  on  eleccro- 
optical  (EO)  and  laser  systems  for  a  number  of 
years.  Adequate  characterization  of  the 
atmosphere  for  these  systems  required  develop¬ 
ment  of  a  specialized  field  research  measure¬ 
ment  system.  Such  a  measurement  system  was 
initially  developed  in  1971  and  first  fielded 
in  1972. 

In  1976  the  ASL  was  requested  to  provide 
meteorological  support  at  the  High  Energy  Laser 
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System  Test  Facility  (HELSTF)  at  '..orif..  This 
support  consisted  of  two  phases:  (1)  develop¬ 
ment  of  a  data  base  at  the  HELSTF  and  (2)  direct 
operational  support.  The  research  system  is 
currently  providing  the  data  base  at  the  HELSTF. 
However,  in  deference  to  project  requirements 
for  atmospheric  data  during  operational  support 
and  in  realization  of  the  maintenance-intensive 
nature  of  the  research  system,  it  was  recognized 
that  a  somewhat  less  sophisticated,  but  at  the 
same  time  more  flexible,  system  would  be 
required  for  direct  operational  support.  The 
development  of  the  support  system  would  then 
free  the  research  system  for  other  field 
studies  of  laser  propagation 

The  primary  purposes  of  this  paper  are: 

(1)  to  present  a  general  description  of  the 
research  field  measurement  system,  (2)  to 
describe  the  operational  system  for  HEL  support 
in  detail,  and  (3)  to  comment  on  remote  sensors 
currently  under  evaluation. 

2.  FIELD  MEASUREMENT  SYSTEM 

2.1  Research 

2.1.1  Design 

Development  of  the  field  research  system 
began  in  1971  with  the  requirement  to  provide 
measurements  of  atmospheric  conditions  in  sup¬ 
port  of  field  testing  of  E0  and  laser  systems. 
The  primary  atmospheric  effects  requiring  char¬ 
acterization  were  optical  turbulence,  cross- 
wind,  and  extinction  coefficient  (due  to  both 
gases  and  particulates).  The  research  system, 
designated  the  Meteorological  Optical  Measuring 
System  (MOMS  III) ,  was  designed  initially  as  a 
mobile  data  collection  system  with  limited  on¬ 
board  processing  capability. 

The  MOMS  III  system  contains  three  major 
subsystems:  (1)  sensors,  (2)  data  acquisition 
and  transmission,  and  (3)  data  processing.  The 
primary  interface  between  the  sensors  and  the 
data  pr.-cessing  is  a  data  input/patch  network 
where  any  individual  channel  or  group  of 
channels  can  be  routed  as  necessary.  Sensor/ 
signal  calibration-attenuation  and  analog 
monitoring  are  accomplished  before  digital 
conversion.  Raw  and/or  averaged  dat3  are  then 


recorded  on  magnetic  tape;  semireal-time  eval¬ 
uation  requires  computer  manipulation  with 
results  displayed  either  graphically  or  numeri¬ 
cally.  Since  this  system  was  designed  to  pro¬ 
vide  research  grade  measurements,  it  has  been 
used  extensively  to  assist  in  the  evaluation 
of  specialized  crosswind  and  optical  turbulence 
point  and  remote  sensors. 

2.1. z  Sersors 

The  MOMS  III  system  is  currently  used  to 
provide  a  detailed  data  base  at  the  HELSTF  at 
WSMR.  The  near-surface  data  base  for  the 
natural  background  at  this  facility  encompasses 
optical  turbulence,  crosswind,  gases,  and 
particulates.  The  instrumentation  (primarily 
point  sensors)  used  to  provide  the  measurements 
is  summarized  in  table  1. 

2. 1.2.1  Spatial  Temperature  Probe.  This 
device  was  developed  in-house  at  the  ASL  and 
measures  temperature  difference  between 
vertically  separated  (20  cm)  probes.  The 
amplitude  difference  is  converted  to  an  rms 
signal  calibrated  at  1.0  V  DC  =  1°C.  Spe¬ 
cific  processing  yields  the  optical  turbu- 

2 

lence  (C^)  value. 

2. 1.2. 2  Hind  Speed  and  Direction.  The  R.  M. 
Young  UYW  orthogonal  anemometer  system  measures 
winds  between  0.2  and  23  m  sec-1  with  standard 


low-threshold  propellers.  The  system  is  cali¬ 
brated  'through  spinning  a  component  at  1800  rpm 
for  a  calibration  value  of  9.6  m  sec"l. 

2. 1.2. 3  Water  Vapor  (H^O).  The  General 

Eastern  1200  AP  Dot  Point/Temperature  System 
measures  the  dewpoint  via  the  cooled  mirror/ 
platinum  thermometer  method.  Internal  system 
calibration  is  provided.  One  unit  has  been 
calibrated  at  the  national  Bureau  of  Standards 
(MBS )  and  all  other  units  are  checked  and  com¬ 
pared  to  the  NBS  calibrated  units. 

2. 1.2.4  Ozone  (0^).  Ozone  is  monitored  by  a 

Dasibi  ultraviolet  (uv)  absorption  type 
analyzer.  This  analyzer  ratios  the  signal 
from  the  source  through  the  sample  gas  with 
ozone  scrubbed  (to  set  the  100  percent  level) 
to  the  signal  from  the  source  through  the 
sample  gas  with  ozone.  All  sampling  lines 
are  teflon.  Calibration  is  by  generating  ozone 
from  a  stable  uv  source. 

2. 1.2. 5  Total  Hydrocarbons/Methane  (THC/CU^.). 

Total  hydrocarbons  and  methane  are  measured 
with  a  Horiha  Flame  Ionization  Detector  (FID) 
type  analyzer.  This  instrument  ionizes  any 
carbon  atoms  in  the  sample  in  a  flame  and  mea¬ 
sures  the  resulting  current  flow.  The  current 
flow  is  then  converted  to  a  display  in  ppm  as 
carbon.  To  determine  the  methane  content  of 
the  sample,  the  sample  is  first  passed  through 


TABLE  1.  ATMOSPHERIC  POINT  MEASUREMENTS 
Element  Unit 


Optical  Turbulence 
Crosswind 

Gases  (concentration) 


THC/Methane 


Spatial  temperature  probe  (in-house) 

R.M.  Young  UVU 

AN/GMQ-11  or  WS-101 

General  Eastern  Dewpoint  1200  AP 
Dasibi  1003  AH 
Horiba  FIA-21 


Particulates 

Size  distribution 


Mass  concentration 
Scattering  coefficient 

Gases  and/or  Particulate 
Absorption  coefficient 


Miran  II 
Horiba  ATA-23 


Particle  Measuring  Systems 

DAS-64  w/CSASP-100  and  ASASP-300  probes 
GCA  Mass  Monitor  APM-1 
Meteorology  Research  Inc. 

Integrating  N’ephelometer  1550-B 

CO^  and  DF  laser  spectrophone  (in-house) 


a  heated  catalyst  which  oxidizes  the  higher 
hydrocarbons.  This  unit  is  calibrated  through 
use  of  sample  gases  in  known  concentrations. 

2. 1.2.6  Nitrous  Oxide  (^0).  Nitrous  oxide  is 

monitored  by  a  Wilks  Miran  II  analyzer,  a 
straight  infrared  absorption  photometer  which 
has  a  spike  filter  in  the  absorption  path  to 
isolate  the  N^O  band.  This  instrument  utilizes 

n  white  cell  to  obtain  the  necessary  absorption 
path  length.  The  instrument  is  not,  however, 
completely  species  specific  and  appears  to 
suffer  from  some,  as  yet  indeterminate,  inter¬ 
ferences.  The  unit  is  calibrated  through  use 
of  specific  gas  concentrations. 

2. 1.2. 7  Carbon  Dioxide  (CC^).  Carbon  dioxide 

is  measured  with  a  Horiba  noridispersive 
infrared  analyzer;  but  this  analyzer,  unlike 
the  simple  absorption  cell  type  like  the  MIRAN, 
utilizes  a  compensating  or  correlation  cell 
and  an  acoustic  detector  to  greatly  increase 
species  specificity.  In  addition,  a  spike 
filter  is  also  used  to  isolate  a  particular 
absorption  band.  The  unit  is  calibrated 
through  use  of  specific  gas  concentrations. 

2. 1.2. 8  Particulates.  Measurements  of  the 
size  distribution  of  atmospheric  particulates 
are  made  with  a  Particle  Measuring  Systems 
light-scattering  aerosol  counter  (see  table  1) . 
By  coupling  these  measurements  with  realistic 
assumptions  about  the  complex  refractive  index 
and  the  shape  of  the  particulates,  Mie  theory 
computations  may  be  used  to  estimate  the 
particulate  extinction  coefficient.  The 
instruments  to  measure  mass  concentration  and 
scattering  coefficient  have  not  been  field 
tested. 


2. 1.2. 9  Spectrophone.  The  laser  spectrophone 
system  was  developed  in-house  at  the  ASL  and 
provides  relatively  direct  in  situ  field 
measurements  of  both  the  gas  and  particulate 
absorption  coefficients.  The  basic  approach 
was  to  measure  the  gaseous  absorption  with  one 
spectrophone  and  the  gaseous  plus  particulate 
contribution  with  another.  The  electrical 
difference  between  signals  is  the  particulate 
contribution. 

2.1.3  Pats  Acquisition 

The  system  utilizes  high  maintenance, 
medium-life  sensors  requiring  a  large  resource 
investment  of  time  and  manpower  to  set  up, 
calibrate,  and  operate  even  over  relatively 
short  test  periods,  i.e.,  24  to  72  hours.  The 
system  must  be  manned  continuously  to  provide 
for  quick  response  and  minimum  data  loss  dur¬ 
ing  sensor/systera  failure. 

Optical  turbulence  and  crosswind  are 
measured  at  selected  tower  levels.  Gases 
and  particulates  are  usually  measured  within 
a  few  meters  of  the  ground. 


2.1.4  Data  Processing 

The  heart  of  the  MOM  III  system  is  a 
Hewlett  Packard  2100S  minicomputer  and  asso¬ 
ciated  peripherals.  This  system  processes  the 
data  from  the  sensors. 

The  turbulence,  wind,  and  gas  data  are 
sampled  at  a  frequency  of  1  Hz.  These  values 
are  arithmetically  averaged  over  10  sec  and 
the  10-sec  averages  are  recorded  on  magnetic 
tape.  Subsequently,  the  10-sec  samples  are 
arithmetically  averaged  over  15  min.  Measure¬ 
ments  of  particulate  size  distribution  are 
cumulative  over  periods  of  10  to  15  min.  The 
processed  data  may  be  graphically  displayed 
(CRT  and/or  hard  copy)  and  tabulated. 

2.2  Operational 

2.2.1  Design 

For  direct  operational  supp  rt,  the 
meteorological  support  system  depicted  in 
figure  1  was  conceived.  The  system,  designated 
the  High  Energy  Laser  -  Meteorological  Data 
Analysis  System  (HEL-MDAS),  is  to  be  fabri¬ 
cated,  tested,  and  installed  at  the  HELSTF  by 
the  summer  of  1982.  Measurements  are  made  at 
fixed  sites  (firm  power)  along  the  centerline 
of  the  HEL  firing  corridor  and  from  a  network 
of  mobile  sites  (battery/solar  power).  The 
former  measurements  are  made  at  four  locations: 
(1)  O-m  test  cell  complex,  (2)  500-m  receiver/ 
target  site,  (3)  1-km  site,  and  (4)  2-km  site. 

A  16-m  bulwark  sensor  platform  and  a  32-m 
tower  are  located  at  the  O-m  test  cell  complex. 
A  gas/ae^osol  van  and  a  32-m  tower  are  located 
at  the  500-m  receiver /target  site.  A  single 


Figure  1.  Conceptual  HELMET  support  system 
for  the  HELSTF  at  White  Sands 
Missile  Range,  New  Mexico 
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32-m  tower  is  located  at  each  of  the  1-km 
and  2-km  sites.  Measurements  from  the 
surrounding  area  are  made  from  six  portable 
16-m  towers.  Data  stations  at  eacn  of  the 
12  sites  electronically  transfer  information 
to  the  HEL-MDAS  in  the  Laser  Systems  Test 
Center  (LSTC) .  The  HEL-MDAS  handles  the  final 
data  managing,  archiving,  and  modeling. 

2.2.2  Sensors 

The  overall  sensor  configuration  is 
illustraced  in  figure  2. 

2. 2. 2.1  Fixed  32-m  Towers 

a.  Point  Measurements.  Standard  sensor 
packages  are  located  at  the  8-,  16-  and  32-m 
levels.  The  standard  sensor  package  consists 
of  wind  speed  and  direction  (WDS) ,  temperature 
(T),  barometric  pressure  (P)  and,  optimally, 
water  vapor.  Wind  is  measured  by  a  cup  and 
vane  system,  temperature  by  a  shielded  platinum 
sensor,  pressure  by  a  pressure  transducer,  and 
water  vapor  by  an  aspirated  mirror-dewpoint/ 
temperature  system.  Specialized  sensors  for 
gases  and  aerosols  similar  to  those  utilized 

in  the  research  system  are  located  at  the 
500-m  site. 

b.  Path  Measurements.  Remote  sersors 
for  optical  turbulence  and  crosswind  are  also 
located  at  certain  levels. 

2. 2. 2. 2  Bulwark  Sensor  Platform,  this  site 
consists  of  a  16-m  (approximately)  meteoro¬ 
logical  tower  rigidly  affixed  to  the  northeast 
face  of  the  protective  bulwark  for  test  cell  1 
at  the  O-m  test  cell  complex.  Fixed  point 
sensors  located  at  the  16-m  level  provide  near 
field  effect  measurements  of  wind  speed  and 
direction,  optical  turbulence,  air  temperature, 
and  pressure.  Additional  point,  integrated 
path,  and/or  path  profile  sensors  may  be 
incorporated  in  the  future. 

2. 2. 2. 3  Mobile  16-m  Towers.  A  16-m  crank -up 
tower  with  a  sensor  package  of  wind  speed,  wind 
direction,  and  temperature  at  the  S-  and  16-ra 
levels  is  located  at  each  of  six  remote  sites 
which  are  located  at  distances  up  to  8  km  from 
the  LSTC.  The  data  are  used  as  a  basis  for  a 
15-  to  30-min  predi'five  capability.  Sensors, 
data  acquisition,  and  relay  link  are  battery/ 
solar  powered. 

2.2.3  Data  Acquisition,  Preprocessing,  and 

Transmission 

2.2.3. 1  General.  Data  stations  are  located 
.•t  each  data  acquisition  site  to  acquire, 
p-eprocess,  convert,  transmit,  and/or  store 
data.  Multiple  8-channel  data  stations  are 
installed  at  the  bulwark  sensor  platform,  r* 
each  of  the  four  fixed  32-m  towers,  and  at 
the  gas/aerosol  van.  Single  8-channel  data 
stations  are  located  at  each  of  the  six 
mobile  16-m  towers.  All  data  stations  slave 
to  the  HEL-MDAS  via  an  appropriate  bidirec¬ 
tional  computer-controlled  data  link  and 


transmit  data  to  the  HEL-MDAS  on  command.  The 
fixed  tower  and  gas/aerosol  van  stations  com¬ 
municate  with  the  HEL-MDAS  via  a  flexible  RS- 
232-C  compatible  hardwire/fiber  optic  link;  the 
link  between  the  mobile  tower  stations  and  the 
HEL-MDAS  is  via  an  RS-232-C  compatible  radio 
link. 

2. 2. 3. 2  Equipment.  In  general,  standard 
commercial  or  in-house  modified  standard  com¬ 
mercial  equipment  is  used.  In  e  '.her  case, 
documentation  is  available.  Hardware  has  been 
made  as  universal  as  possible  by  using  the  full 
power  of  the  microprocessor  to  adapt  with 
sensors  and  to  allow  maximum  flexibility  in 
data  gathering  and  processing.  Scaled  versions 
of  the  same  hardware  and  operation  program 
instructions  are  employed  for  all  towers  and 
the  van. 

The  initial  controlling  software  has  been 
developed  to  provide  for  flexibility  in  check¬ 
out  and  system  testing.  More  advanced  programs 
are  developed  as  operational  usage  dictates. 

The  remote  stations  are  battery  operated  and 
use  CMOS  circuitry  and  pcwer  reduction  tech¬ 
niques  wherever  possible.  Data  stations  for 
the  towers  and  van  use  id  ’tical  cards  with 
rhe  multiplex  board  of  the  remote  stations 
being  only  partially  loaded,  i.e.,  8  channels. 
Figure  3  is  a  block  diagram  of  the  basic  data 
station.  Neither  unit  contains  the  EPROM 
data-storage  system,  but  provision  is  made  for 
future  addition.  The  stations  operate  without 
the  need  for  air  conditioning,  but  will  not 
have  to  operate  in  the  direct  sun.  Each 
station  is  enclosed  in  a  weatherproof  con¬ 
tainer  with  some  degree  of  air  circulation. 

a.  Modems.  The  system  is  modem  limited; 
i.e.,  it  transmits  data  as  accurately  and 
rapidly  as  the  link  allows.  Commercial  modems 
are  used  for  phone  (hardwire)  and/or  fiber 
optic  link.  The  radio  modem  was  developed 
internally.  Each  remote  station  answers  to 
its  own  Identification  Address  with  query  and 
reporting  occurring  on  different  frequencies. 

b.  Recording.  The  individual  data 
collection/processor  units  do  r.ot  currently 
provide  any  nonvolatile  data  storage  capa¬ 
bility.  The  processor  systems  are  capable 
of  expansion  to  include  EPROM  storage  capa¬ 
bility.  In  addition,  an  RS-232  compatible 
read/write  cassette  deck  is  available  commer¬ 
cially  and  could  be  purchased  for  use  with  the 
system  when  a  stand-alone  mode  is  required. 

2. 2. 3. 3  Programming.  The  data  collection 
systems  are  programmable  at  two  levels. 

a.  Operational  PROM  Resident  Program. 

The  basic  operational  program  with  default 
values  controlling  channels  to  be  scanned, 
gain  setting,  and  integration  time  are  stored 
in  PROM  and  are  automatically  executed  unless 
different  values  are  set  from  keyboard  or  data 
link.  The  basic  PP.OM  resident  executive  pro¬ 
gram  can  be  changed  to  allow  the  hardware  to 
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Figure  2.  Block  diagram  of  the  HELMET  Support  System  for  the 
HELSTF  at  White  S.’nc.s  Missile  Range,  New  Mexico. 


operate  in  any  other  desirable  mode.  Program¬ 
ming  at  this  level,  however,  requires  con¬ 
siderable  knowledge  of  the  system  and  the 
microprocessor  language. 

b.  RAM  Programming.  Changes  entered 
via  keyboard  or  data  link  change  operational 
program  default  values  that  control  channels 
scanned,  gain  setting,  integration  time,  aver¬ 
age  time,  output  processing  subroutine  used, 
clockset,  and  conversion  factors.  When  the 
power  to  the  unit  is  removed  and  then 
restored,  these  factors  are  lost  and  the  FROM 
resident  default  values  are  executed. 

2.2. 4  Final  Data  Processing 

The  HEL-MDAS  handies  the  long-term 
meteorological  data  storage  and  final  data 
processing  for  HELSTF.  The  final  data  pro¬ 
cessing  system  is  block  diagrammed  in 
figure  2.  There  are  two  Central  Processing 
Units  (CPU):  The  Data  Controller/Processor 
(DCP)  and  the  Data  Reduction/Reporting  (DRR) . 
The  DCP  handles  data  collection,  archiving, 
and  formatting  for  efficient  transfer  to  the 
information  processing  CPU.  Model  calcula¬ 
tions  and  information  display  occupy  the  full 
capability  of  the  DRR.  The  dual  CPU  concept 
also  allows  for  backup  operation  (albeit  at 
a  reduced  level)  if  one  CPU  should  fail 
before  or  during  a  test. 

The  most  accurate  information  is  of  no 
value  if  not  available  to  the  test  director 
when  needed.  For  long-range  predictions,  test 
personnel  come  to  the  LSTC  Meteorological 
Center;  but  during  the  test,  information  is 
displayed  in  the  HELSTF  control  rooms  via 
video  switch  link.  Craphical  summary  informa¬ 
tion  is  available  real  time  on  a  CRT,  and 
detailed  information  is  available  in  hard  copy 
from  the  line  printer  following  a  test.  The 
CRT  is  divided  into  four  graphical  sections 
and  a  fifth  section  for  flashing  reverse  format 
messages.  The  four  graphical  sections  of  the 
CRT  contain: 

Current  meteorological  conditions  along 
anticipated  beam  path. 

Short-term  prediction  of  meteorological 
conditions  along  anticipated  beam  path. 

Current  trajectory  and  density  of  laser 
plume. 

Predicted  contour  intensity  plots  of  on- 
target  irradiation  calculated  by  using 
current  meteorological  conditions  in  a 
simple  propagation  code. 


The  fifth  section  is  used  to  flag  impor¬ 
tant  meteorologically  related  events  such  as 
an  approaching  air  mass  discontinuity,  plume 
drift  into  the  beam  path,  or  sensor  failure. 

3.  REMOTE  SENSORS 

The  basic  instrumentation  currently 
used  either  in  the  research  or  the  operational 
support  system  is  primarily  point  type,  i,e., 
capable  of  sensing  data  at  a  single  point  or 
small  volume.  However,  whereas  point  measure¬ 
ments  may  be  adequate  for  characterizing  the 
conditions  along  a  fixed  horizontal  path  near 
the  ground,  their  utility  for  moving  path 
scenarios  (horizontal  and  slant)  is  certainly 
questionable.  This  led  to  She  consideration, 
development  (as  required),  and  utilization  of 
advanced  or  remote  sensors.  Table  2  summarizes 
the  candidate  sensors /systems.  These  sensors 
would  -evide  either  integrated  path*  or  path 
profiled  measurements.  To  date,  two  remote 
sensors,  both  developed  by  National  Oceanic 
and  Atmospheric  Administration,  have  been 
evaluated  and  incorporated  in  the  HEL-MDAS 
system:  (1)  optical  turbulence  scintillometer 
and  (2)  acoustic  sounder. 

The  horizontal  integrated  path  sensor  for 
optical  turbulence  is  an  optical  scintillometer. 
The  scintillometer  device  uses  a  new  optical 
technique  to  measure  the  refractive  index 
2 

structure  parameter,  C^,  over  an  integrated 

path  through  the  use  of  large  receiving  optics 
and  an  extended  incoherent  transmitter.  This 
technique  av;ids  problems  arising  from  the 
saturation  of  scintillation,  thus  allowing  a 

2  16  12  2/3 
measurement  range  from  10~  to  10  1  m 

over  a  usable  path  length  of  150  to  500  m.  The 
scintillometer  has  been  validated  for  ranges  of 
3-  to  32-ra  above  ground  at  KSMR. 

The  vertical  path  profile  sensor  for 
optical  turbulence  is  an  acoustic  sounder.  The 
sounder  utilizes  an  acoustic  echo  return  tech¬ 
nique  to  determine  inversion  levels  and  associ¬ 
ated  optical  turbulence  values  derived  from 
these  inversion/temperature  gradients.  The 
sounder  provides  usable  data  to  a  height  of 
150  to  300  m  with  severe  noise  limitations  at 
greater  altitudes.  The  sounder  has  been 
validated  for  these  ranges  at  WSMR. 

The  othei  remote  sensors/systems  listed 
in  table  2  capable  of  providing  wind  and 
extinction  coefficients  due  to  gases  and  par¬ 
ticulates  are  being  evaluated. 


integrated  path  -  an  averaged,  but 
usually  weighted,  value  measured  between  two 
points . 


fPath  profile  -  average  values  for  each 
of  several  segments  between  two  points. 
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4. 


SUMMARY 


The  ASL  has  developed  two  systems,  one 
designed  for  research  applications  and  the 
other  for  specific  operational  support,  to 
study  atmospheric  effects  on  laser  propagation 
The  research  system  utilizes  maintenance- 
intensive,  medium-life  sensors  with  a  large 
resource  investment  in  time  and  manpower  for 
development,  test  preparation,  and  real-time 
data  qual'ty  checks.  The  operational  system 
is  designed  to  utilize  low  maintenance,  long¬ 
life  sensors  with  a  large  initial  resource 
investment  but  lower  operational  costs. 


An  operational  measurement  system  with 
one  fixed  tower  site,  one  mobile  site  and  a  gas/ 
aerosol  van  would  cost  $440K  to  duplicate  at 
the  present  time: 

Mobile  site  $  20K 

Fixed  tower  site  30K 

Gas/aerosol  van  190K 

Data  transmission  and  processing  200K 

The  optical  scintillometer  and  the 
acoustic  sounder  remote  sensors  are  currently 
being  used  in  data  base  evaluation.  Other 
candidate  remote  sensors  are  being  evaluated. 


Element 


TABLE  2.  ADVANCED  SEKSORS/SYSTEHS _ _ _ 

Point  (P)  Horizontal  (H) 

Integrated  Path  (IP)  Vertical  (V) 
Sensor  Path  Profile  (PP)  Slant  (S) 


Optical  Turbulence  Scintillometer  IP  (H) 

Acoustic  Sounder  PP  (V) 

Wind  FM-CW  Radar  PP  (S) 

Pulsed  Doppler  Radar  PP  (V) 

Saturation  Resistant  Anemometer  IP  (H) 

Optical  Crosswind  Profiler  PP  (H) 

High  Resolution  Scanning  Lidar  PP  (S) 

Laser  Doppler  Velocimeter  PP  (S) 

Tethered  Aerodynamically  Lifting  P  (V) 
Anemometer 

Gases  (concentration)  Fourier  Transform  Spectrometer  IP  (H) 

Differential  Absorption  Lidar  PP  (S) 

Particulates  High  Resolution  Scanning  Lid3r  PP  (S) 

Optical  Turbulence,  Crosswind,  Remotely  Piloted  Vehicle  PF  (S) 

Gases,  Particulates 
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ABSTRACT  countered  are  reviewed.  Future  modifications  to 

enhance  and  extend  system  performance  are  also 
Broadband  near-millimeter  wave  measurements  described, 

to  verify  engineering  aspects  and  to  demonstrate 

radiometric  performance  of  a  Fourier  transform-  1.  INTRODUCTION 

based  propagation  measurement  system  were  per¬ 
formed  at  Block  Engineering,  Cambridge,  MA  To  assess  the  potential  of  the  near¬ 
facility.  millimeter  wave  spectral  region  for  the  active 

and  passive  sensing  of  military  targets,  a 

The  measurement  system  consisted  of  a  rapid  knowledge  of  atmospheric  propagation  under  a 

scan  Michelson  interferometer  directly  oodulat-  wide  variety  of  conditions  is  required.  The 

ing  the  output  of  a  high  pressure  mercury  arc  goal  of  this  work  was  to  demonstrate  that  opti- 

lamp.  The  modulated  radiation  was  collimated  by  cal  or  direct  detection  techniques  can  be  ef- 

a  12-inch  transmitter  telescope  and  collected  by  fective  for  the  study  of  atmospheric  propagation 

a  receiver  consisting  of  an  8-inch  telescope  over  significant  pathlengths  and  also  have  ade- 

equipped  with  liquid  helium  cooled  composite  auate  spectral  and  temporal  resolution  for  sea 

germanium  bolometer  detector.  Measurements  were  level  conditions.  This  goal  has  been  achieved 

made  outdoors  over  a  folded  path.  Spectral  with  the  instrumentation  described, 

coverage  was  9  to  100  cm“i  ana  all  measurements 

have  an  unapodized  spectral  resolution  better  2.  MEASUREMENT  CONFIGURATION 

them  0.1  cm~l.  Data  were  collected  on-line  and 

processed  by  a  Digilab  Model  DL-100  data  system.  A  sketch  showing  the  measurement  configura- 

A  small  amount  of  meteorological  data  were  tion  is  given  in  Figure  1.  It  shows  a  trans- 

simultaneously  recorded.  Relative  spectral  mitter  consisting  of  a  telescope  and  a  source 

transmission  data  having  generally  excellent  modulated  by  a  rapid  scan  Michelson  interfero- 

signal  to  noise  were  obtained  over  distances  of  meter,  a  field  mirror  that  can  be  moved  to  give 

12.5,  25,  50  and  100  m.  These  data  are  discussed  different  propagation  paths,  and  a  receiver  con- 

and  data  handling  procedures  and  problems  er.-  sisting  of  a  telescope  and  cryogenic  detector. 


Figure  1.  High  Resolution  Submillimeter  Wave  Atmospheric  Transmission  Measurement  configuration. 


*  Now  at  Honeywell  Radiation  Center,  Lexington,  MA. 


It  is  probably  worth  reiterating  the  ad¬ 
vantages  of  using  an  interferometer  in  this 
fashion.  Thede  ares 

•  High  efficiency/  since  only  one  step  of 
modulation  is  used.  No  additional  chop¬ 
pers  or  other  forms  of  modulation  are 
involved. 

•  High  source  chopping  frequencies,  which 
result  in  complete  elimination  of  sig¬ 
nals  due  to  background  and  foreground 
radiation. 

•  High  scan  rate,  giving  virtually  total 
immunity  to  atmospheric  scintillation 
and  source  instabilities. 

•  Broadband  spectral  response  limited  by 
detector  and  beamsplitter  response. 

•  Low  dynamic  range  in  each  high  speed 
interferograra  scan,  allowing  recording 
by  simple  analog  recording  tecnniqucs 
without  loss  of  significance  in  typical 
long  term  data  recording  sequences. 

A  list  of  technical  specifications  is  shown 
.n  Table  1. 


3.  RESULTS 

Data  presented  were  obtained  over  the 
period  from  9  December  to  15  December  1978.  The 
data  shown  in  Figures  2a  -  2d  are  final  measure¬ 
ments  which  resulted  in  relative  transmission 
data  over  four  different  pathlengths.  Measure¬ 
ment  conditions  at  the  time  of  the  measurement 
are  listed  for  each  spectral  plot.  The  relative 
data  were  obtained  by  ratioing  against  a  "fudged" 
response  obtained  by  a  measurement  with  the 
transmitter  and  receiver  head-to-heau.  Ihe 
"fudging"  involved  approximate  elimination  of 
the  remaining  "zero  range"  absorption  bands  to 
avoid  division  by  zero  in  ratioing.  To  the  ex¬ 
tent  that  "he  transmission  in  the  window  regions 
can  be  considered  unity  the  data  can  be  con¬ 
sidered  absolute.  The  effects  of  nonunifom 
wavelength  response  due  to  diffraction  between 
a  close-up  measurement  and  a  distant  measurement 
have  not  been  included.  In  general,  the  spec¬ 
tral  data  obtained  are  of  high  quality  and  show 
good  agreement  with  previous  data  and  with 
modeled  results  with  several  notable  exceptions. 
Of  special  interest  m  a  lint-  at  11.9  cm-l 
(observed  oy  othersT  and  sometimes  erroneously- 
assigned  to  CO)  and  a  feature  at  13.6  cn~* 
(possibly  due  to  an  anonolous  absorption  vari¬ 
ously  assigned  to  dimers,  clusters,  and  other 
causes) . 


Table  1.  Measurement  Study — Technical  Specifications. 


Spectral  Range 
Spectral  Resolution 
Spectral  Precision 
Retardation  Rate 
Scan  Rate  (Nominal) 
Sampling  Interval 


Aperture 
Field  of  View- 
Source 

Source  Modulator 
Beausplittor 
Optical  Efficiency 


Aperture 
Field  of  view 
Detector 
NEP 

Temperature 

Size 

Optical  Efficiency 


On-Line  Processor 
Computer 
Memory  (Core) 
Memory  iDiskj 
A/D  Converter 
Accessories 
Software 


100  to  HOO  micrometer 
-0.06  cm“l  unapodized 

-  A,  - -1 

■V«  W  V-M. 

10.12  cn/second 
1.0  scan/second 
JO. 4992  micrometers  (64:<) 

Transmitter 

12  inches  diameter  Cassegrain 
10  milliradians  full  angle 
High  pressure  mercury  arc  lamp 
Model  496  interferometer 
Mylar  film  (50  micrometers) 

0.1,  including  beamsplitter 

Receiver 

S  inches  diameter  Newtonian 
7  milliradians  full  angle 
Composite  Ge:Ga  bolometer  (cold  filtered) 
5.5x10”^-  watts/Es1/^ 

4.2°K,  liquid  helium 
0.3  enr  diameter 
0.5 

Data  System 

Digilab  DL-300  (in-house) 

NOVA  1200 

32K  words 

512K  words 

12  bit,  100  kHz 

Video  termis-ai,  tape,  plotter 

Emission  package  (3’ act' 


t  Gebbie,  H.  A.  and  Bohlar.de r ,  R. ,  Private  Communication. 
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4.  CONCLUSION  AND  SYSTEM  IMPROVEMENTS 

The  results  obtained  show  that  optical 
techniques  can  b-'  productive  for  studying 
properties  of  sea  level  atmospheres.  In  fact, 
the  inherent  broad  spectral  coverage  in  ccttoin- 
aticn  with  a  spectral  resolution  adequate  to 
fully  resolve  the  existing  noiecular  line 
structure  cakes  the  optical  or  direct  detection 
approach  preferable  over  microwave  techniques, 
not  only  in  teres  of  results  out  also  f ron  a 
cost  viewpoint. 


radiometers.  "'p  example .  typical  micro- 
wave  d?p.‘>  have  been  obtained  at  2?0  GHz 
aa,7.1  ec-^)  ,  3""'  G4z  (2  st,  5  cn~l) 
and  94  GHz  (3.2  era,  j.Ij  .  This 

deficiency  is  not  fundamental  and  it  is 
expected  that  the  response  can  be  extended 
to  at  least  2  rsa  and  possibly  to  *  cm 
{30  -GHz)  by  a  number  of  changes.  The  re¬ 
quired  changes  will  also  lead  to  a  general 
improvement  in  signal  to  noise  cer  the 
whole  spectra:  reaio.n,  which  would  allow 
an  increase  in  operating  range. 


System  improvements  that  will  be  insti¬ 
tuted  before  future  measurements  will  be  race 
are  in  two  areas: 

1.  Improved  long  wavelength  response.  The 
present  system  has  insufficient  signal  to 
noise  at  wavelengths  longer  than  approxi¬ 
mately  1  css  (9  cc~l)  precluding  a  direct 
comparison  with  data  obtained  by  microwave 


Improvements  in  system  calibration.  These 
will  lt-ad  to  a  capability  to  give  absolute 
transmission  data  in  conjunction  with  local 
bulk  atmospheric  data,  providing  a  complete 
and  detailed  understanding  of  the  relation¬ 
ship  between  these  parameters  as  well  as 
accurate  near-mill imeter  wave  extinction 
coefficients. 
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ATMOSPHERIC  ATTENUATION  OP  MILLIMETER  AND  SUBMILLIMETER  WAVES 


Vincent  J.  Falcone,  Jr. 

Air  Force  Geophysics  Laboratory  (AFSC) 
Hanscom  Air  Force  3ase,  MA 


ABSTRACT 

A  computer  model  of  atmospheric  attenua¬ 
tion  of  millimeter  and  submillimeter  waves  for 
frequencies  of  1-1000  GHz  has  been  developed 
for  clear,  foggy,  cloudy  and  precipitating  (rain) 
atmospheres.  The  molecular  absorption  spectra 
of  water  vapor,  c.ygen,  ozone,  carbon  monoxide, 
and  nitrous  oxide  are  calculated  under  clear 
conditions  by  an  efficient  computer  algorithm 
of  the  AFGL  HITRAN  Code,  named  FASCOl  -J.  The 
hydrometeor  attenuation  of  fog,  clouds  and  rain 


typical  of  midlatitude  conditions  is  addended  to 
the  FASCODE-1  molecular  absorption  model.  The 
hydrometeor  models  include  4  fog  models  (both 
radiative  and  advective)  with  liquid  water  con¬ 
tents  of  0.02  -0.37  gm"3,  8  cloud,  types  with  liq¬ 
uid  water  contents  of  0.01  -  4.0  gm-:j  and  rainfall 
rates  of  10,  20,  50,  100,  150  mmhr-^.  The  mod¬ 
els  can  accommodate  h^drometeor  temperatures  of 
-  40°  C.  The  operational  computer  programs  of 
FASCODE-1  with  aerosol  extinction  e  -.ts  added 
permit  calculation  of  worldwide  atn  /aerie  at¬ 
tenuation  of  microwave  and  millimeter  radiation 
for  an  arbitrary  input  atmospheric  model  and 
geometry. 
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THE  US  ARMY  METROLOGY  AND  CALIBRATION  CENTER 
MILLIMETER  AND  SUBMILLIMETER  WAVE  PROGRAM 

M.  H.  Shelcon 

US  Army  Metr  &  Calbr  Center 
Redstone  Arsenal,  Alabama 


ABSTRACT 

The  US  Army  Metrology  und  Calibration  Cen¬ 
ter  (USAMCC)  of  the  US  Army  Missile  Materiel 
Readiness  Command  (M“ IC0M)  has  instituted  a  pro¬ 
gram  of  calibration  standards  support  for  milli¬ 
meter  and  submillimeter  wave  activities  of  the 
Army.  Our  effort  involves  in-house  programs  as 
well  as  work  at  the  National  Bureau  of  Standards 
(NBS),  other  government  agencies,  and  industry 
contractors. 

>'e  will  describe  our  initial  in-house 
94-95  GHz  (guided  wave)  calibration  system 


which  is  expected  to  be  in  operation  USAMCC  in 
early  1979.  Subsequent  guided-wave.  systems  will 
take  advantage  of  integrated  six-port  network 
techniques  evolved  at  lower  frequencies  now  be¬ 
ing  applied  to  94-95  GHz  by  efforts  involving 
NBS  and  subcontractors,  supp  rted  by  the  Cali¬ 
bration  Coordinator  Group  (COG)  of  the  Army, 
Navy,  and  Air  Force. 

We  will  also  describe  our  efforts  to  es¬ 
tablish  reliable  (free-field)  power/energy  meas¬ 
urement  standards  for  the  far  infrared/submliii- 
meter  spectral  region  (10  micrometers  to  about 
one  millimeter) . 
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